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ABSTRACT
USE OF ODORS FOR IN-FLIGHT ORIENTATION TO THE HOST
AND FOR HOST RECOGNITION BY THE PARASITOID BRACHYMER1A INTERMEDIA
(HYMENOPTERA: CHALCIDIDAE)
FEBRUARY 1997
VERONIQUE KERGUELEN
MAiTRISE, UNIVERSITY PARIS XI, FRANCE
Ph D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Ring T. Carde

Brachymeria intermedia is a primary parasitoid of pupae of the gypsy moth, Lymantria
dispar (Lepidoptera: Lymantriidae). Previous studies established how females determine the

acceptability of potential hosts through contact with their cuticular kairomones. This work
investigates how olfactory cues initially may lead females to their hosts.
Inexperienced females were less likely to walk toward the host than females with
oviposition experience; however, a single antennal contact with the host was sufficient to increase
the probability of walking to the host suggesting that females learned the odor of their host on the
first encounter (Chapter 1). Olfactory conditioning was then demonstrated using a novel odor
(Chapter 2). Through a single oviposition experience on their natural host in presence of vanilla
odor, wasps were induced to drum and drill in a vanilla-scented paper roll. Although some wasps
were conditioned when exposure to odor coincided with pre-oviposition drumming on the host,
conditioning was most successful when odor exposure coincided with oviposition. Evidently,
conditioning occurred through the formation of an association between the odor and the ‘aroused’
state underlying host acceptance. Results support the hypothesis that conditioning occurs through a

vi

stimulus-arousal association rather than, as is generally assumed, through a stimulus-stimulus
association.
Wasps were also conditioned to fly toward a source of vanilla odor in a wind tunnel
(Chapter 3). Then, upon approaching vanilla-scented paper rolls hung on a vertical cylinder,
conditioned wasps landed on them readily, whereas few wasps landed on real pupae. However, more
wasps reached pupae or pupal cases than white scented paper rolls. Thus, visual and olfactory cues
appeared to mediate the foraging behavior of wasps in conflicting ways. Conditioned wasps flying
upwind, along a plume of vanilla odor flew shallow zigzag tracks (Chapter 4). Contrary to male
moths flying to sex pheromone, wasps flew similar zigzag tracks along ribbon and turbulent plumes
of vanilla odor. When the plume was removed while wasps were flying upwind, wasps either
maintained an upwind course, or drifted sideways, flying alternately upwind and downwind before
turning around and flying downwind. No wasp casted upon plume loss, as is typical of male moths.

Vll

TABLE OF CONTENTS

Page
ACKNOWLEDGMENTS.v
ABSTRACT....vi
LIST OF TABLES.

xi

LIST OF FIGURES.

xii

Chapter
1.

INTRODUCTION.1
Natural History of Brachymeria intermedia.1
Chemical Ecology of Brachymeria intermedia.2
Outline of the Study.
4

2.

INCREASED HOST ACCEPTANCE IN EXPERIENCED BRACHYMERIA INTERMEDIA:
WHICH OVEPOSITION BEHAVIORS CONTRIBUTE TO EXPERIENCE ?.5
Introduction.5
Materials and Methods.7
Insects.7
Experiment 1: Quantitative Difference in Experience.7
Treatments...8
Tests.8
Controls.10
Experiment 2: Qualitative Difference in Experience.11
Treatments.11
Tests.12
Statistical Analysis.12
Results.14
Experiment 1.14
Percent of Response.14
Time Allocation.16
Experiment 2.18
Percent of Response.18

vm

Discussion
3.

18

REINFORCEMENT MECHANISMS OF OLFACTORY CONDITIONING DURING
PARASITIZATION BY BRACHYMERIA INTERMEDIA.23
Introduction.23
Materials and Methods.25
Insects.25
Conditioning.25
Treatments...26
Experiment 1: Nature of the Learning Process.26
Experiment 2: Conditioning During Selected Phases of the Oviposition
Sequence.27
Experiment 3: Brief Conditioning During Selected Phases of the
Oviposition Sequence.27
Experiment 4: Conditioning During an Incomplete Oviposition Sequence.27
Experiment 5: Conditioning on an Empty Pupal Case.28
Test.28
Statistical Analysis.29
Results.!.29
Experiment 1.29
Experiment 2.29
Experiment 3.30
Experiment 4.30
Experiment 5.32
Discussion.32

4.

IN-FLIGHT USE OF OLFACTORY CUES TO LOCATE POTENTIAL HOSTS BY
FEMALE BRACHYMERIA INTERMEDIA.37
Introduction.37
Materials and Methods.38
Pre-flight Conditioning.38
Flight.39
Flight Behavior.39
Landing Behavior.41
Statistical Analysis.42
Results.43
Flight Behavior.43
Landing Behavior.46
Discussion.48
IX

5.

MANEUVERS OF FEMALE BRACHYMER1A INTERMEDIA FLYING TOWARD HOSTRELATED ODORS IN A WIND TUNNEL...52
Introduction.52
Materials and Methods.
53
Wind Tunnel.53
Odor Delivery Device.54
Insects.54
Release Procedure.55
Flight Track Analysis.
55
Flight to Vanilla and Host Odor Sources.
57
Flight Along Ribbon and Turbulent Plumes.57
Flight Following Plume Loss.57
Results.58
Flight to Vanilla and Host Odor Sources.58
Flight Along Ribbon and Turbulent Plumes.59
Flight Following Plume Loss.64
Discussion.

6.

69

CONCLUSION.......75

BIBLIOGRAPHY........

77

x

LIST OF TABLES

Table

Page

2.1.

Time allocation (in s) by female B. intermedia offered a gypsy moth pupa,
according to the number of ovipositions experienced one day prior to the test.17

2.2.

Time allocation (in s) by female B. intermedia offered a gypsy moth pupa,
according to the outcome of the tests over all the treatments.17

LIST OF FIGURES

Figure

Page

2.1.

Standard oviposition sequence of B. intermedia on a gypsy moth pupa (adapted
from Tucker & Leonard, 1977 and Drost & Carde, 1990), showing the six
treatment groups compared in Experiment 2.13

2.2.

Percentage of female B. intermedia of each treatment group (0 to 5 oviposition
experiences the previous day), drilling, drumming and not responding to the
host, L. dispar, during the test.15

2.3.

Percentage of female B. intermedia drilling, drumming and not responding to
the host, L. dispar, dining the test (one day following treatment).15

2.4.

Percentage of female B. intermedia of each treatment group drilling,
drumming and not responding to the host, L. dispar, during the test, one day
following the treatment.19

3.1.

Behavior of female B. intermedia confined individually for 1 min in a dish
containing a roll of filter paper loaded with vanilla extract, 24 h after
conditioning to vanilla.31

4.1.

Behavior of female B. intermedia released in a plume of vanilla odor in the
wind tunnel.44

4.2.

Dose-response curve of female B. intermedia released in a plume of vanillin,
24 h after conditioning.45

4.3.

Behavior of female B. intermedia conditioned to vanilla odor, flying in a wind
tunnel and reaching various ‘targets’ suspended to a vertical cylinder.47

5.1.

Construction of the triangle of velocities between consecutive points of a track
(t, t+1) (after Marsh et al., 1978). 56

5.2.

Two randomly chosen tracks, as seen from above, of female B. intermedia
flying upwind along a wide turbulent plume of gypsy moth pupae odor (a) and
vanilla odor (b).60

5.3.

Frequency distributions of all track (a), course (b), and drift angles (c) of
female B. intermedia flying upwind along a wide turbulent plume of gypsy
moth pupae odor (left, 22 tracks, 2321 vectors) and vanilla odor (right, 22
tracks, 2775 vectors).61

5.4.

Mean and standard error of average track parameters (angles (a), velocities (b),
width and length (c)) of female B. intermedia flying along a narrow ribbon
plume (N= 20) and a wide turbulent plume of vanilla (N= 27).62

5.5.

Frequency distributions of all track (a), course (b), and drift angles (c) of
female B. intermedia flying upwind along a narrow ribbon plume (left, 20
tracks, 4001 vectors) and a wide turbulent plume of vanilla (right, 27 tracks,
3711 vectors).63
xii

5.6.

Four randomly chosen tracks, as seen from above, of female B. intermedia
flying without (a, b) and with prolonged excursion out of the plume (c, d)
along a narrow ribbon plume (left) and a wide turbulent plume of vanilla
(right).65

5.7.

Mean and standard error of average track parameters (angles (a), velocities (b),
width and length (c)) of female B. intermedia flying without (left) and with
prolonged excursions out of the plume (right) along a narrow ribbon plume
(N= 9 and 20, respectively) and a wide turbulent plume of vanilla (N= 11 and
7, respectively).66

5.8.

Randomly chosen pair of tracks, as seen from above, of female B. intermedia
flying upwind along an interrupted (top) and continuous (bottom) wide
turbulent plume of vanilla.67

5.9.

Mean and standard error of average track parameters (angles (a), velocities (b),
width and length (c)) of female B. intermedia flying along an interrupted (N=
16) and continuous (N= 16) plume of vanilla, ‘before’ and ‘after’ plume
removal.68

5.10.

Frequency distributions of all track (a), course (b), and drift angles (c) of
female B. intermedia flying upwind along an interrupted wide turbulent plume
of vanilla, before (left, 16 tracks, 4530 vectors) and after plume removal (right,
16 tracks, 1306 vectors).70

CHAPTER 1
INTRODUCTION

Natural History of Brachymeria intermedia

Brachymeria intermedia (Nees) is a parasitoid wasp in the family Chalcididae. This small

size wasp parasitizes the pupal stage of the gypsy moth, Lymantria dispar (L.), (Lepidoptera:
Lymantriidae). Neither B. intermedia nor its host is native of North America. The gypsy moth, an
important pest of forest trees, fruit trees and ornamental trees, was introduced accidentally from
France to Massachusetts in 1868-69 (McManus & McIntyre, 1981). At the turn of the century, a vast
biological control program was launched to keep the moth population in check by introducing
foreign natural enemies of the gypsy moths (Reardon, 1981). B. intermedia was imported then from
Southern Europe into Massachusetts and Connecticut. Wasps were released repeatedly until 1963
(Hoy, 1976, Clausen, 1978) and their establishment was confirmed in 1966 (Leonard, 1966). Now B.
intermedia is found throughout the northeast United States where the gypsy moth thrives. Percentage

of parasitism by B. intermedia in natural populations of gypsy moths varies in space and time, and is
correlated with the density of hosts (Reardon, 1976; Ticehurst et al., 1978; Williams et al., 1993). It
may reach over 30 % in outbreak populations (Doane, 1971; Ticehurst et al., 1978; Gould et al.,
1992) and fall below 5 % in low density populations (Reardon, 1976; Ticehurst et al., 1978;
Williams et al., 1993). Therefore, B. intermedia cannot regulate density of gypsy moths at low or
moderate densities (Elkinton et al., 1989). However, it can be instrumental in bringing outbreak
populations back to lower densities.
Numerous studies have been conducted on B. intermedia both in the laboratory and in the
field to understand its basic biology and life cycle. Wasps complete their larval and pupal
development inside the host in three to four weeks. Then, a single wasp emerges from each
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parasitized pupa. Males emerge first and mating occurs within two days of female’s emergence
(Burgess & Crossman, 1929; Dowden, 1935). Provided they have access to water and carbohydrates,
females may live for weeks, and parasitize on average 5 pupae / day (Barbosa et al., 1986; Drost &
Carde, 1992a). Their feeding habit in the field has not been documented; however, in semi-natural
conditions females will feed on pollen and nectar on various flowers (Hosley, 1975). In winter, in the
field, adult females aggregate in sheltered areas (Dowden, 1935; Waldvogel & Brown, 1978;
Schaefer, 1993) where they remain lethargic until the following spring. Although the gypsy moth is
the preferred host, in the laboratory wasps may parasitize many other species of moths, as well as
some hymenopteran and dipteran pupae (Dowden, 1935; Thompson, 1954). However, there is little
evidence they do have such polyphagous habits in the wild. In Europe, B. intermedia was reported to
have a first generation on the gypsy moth in late spring followed by a second generation on alternate
hosts in late summer (Burgess & Crossman, 1929; Dowden, 1935), but in the United States long
winters defer the generation on the gypsy moth until early summer. Thus a second generation seems
precluded, since both short-day photoperiods and lower temperatures induce oosorption in females
(Barbosa & Frongillo, 1979). Thus, American B. intermedia may be univoltine and monophagous.

Chemical Ecology of Brachymeria intermedia

Chemically-mediated communication is widespread in insects. Thus, pheromones are used
in

intraspecific

Allelo chemicals

communication
(kairomones,

for

mating,

allomones,

aggregation,

synomones,

alarm,

recruitment

apneumones)

mediate

or

defense.

interspecific

communication involved in food and host location. The behavior of B. intermedia, likewise, is
orchestrated by various chemical signals.
Virgin females produce a ‘short-range’ sex pheromone which, upon antennal contact, elicits
courtship behavior in male wasps (Askari, 1979; Mohamed & Coppel, 1987). However, the
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unidentified pheromone does not attract males from a distance farther than 3 cm. Another
pheromone, produced both by males and females, functions as an aggregation pheromone. Its major
active component is 3-hexanone, around which both males and females readily aggregate in
laboratory tests (Simser & Coppel, 1980). Although wasps consistently aggregate during the
scotophase in the laboratory, it is uncertain they do so in nature. Yet, overwintering females do
aggregate in the field, most certainly in response to that pheromone.
Kairomones also are essential to B. intermedia as females recognize hosts on the basis of
their chemical profile. Upon encountering a potential host they climb on it and proceed to examine it
by drumming its surface with their antennae, before they either insert their ovipositor through the
cuticle (acceptance) or leave (rejection). Drumming is a specific response to the cuticular
kairomones of the pupa. It is elicited by hexane washes of gypsy moth pupae applied to filter paper,
whereas similar washes of larvae, pupal exuviae, frass or silk do not elicit drumming (Leonard et al.,
1975; Tucker & Leonard, 1977). Furthermore, any biologically active cuticular kairomone was easily
washed off less acceptable pupae (e.g. Choristoneura fumiferana (Clemens), (Tortricidae) and
Galleria mellonella L., (Pyralidae)), whereas gypsy moth pupae remained acceptable through

repeated hexane washes (Tucker & Leonard, 1977). Conversely, a less acceptable host species (e.g.,
Holomelina lamae (Freeman), (Arctiidae)) was more readily accepted as host when pupae were

contaminated with gypsy moth cuticular kairomone (Drost & Carde, 1992b). The biologically active
components of this cuticular kairomone are non-volatile, long-chain hydrocarbons (Tucker &
Leonard, 1977; Albom et al., unpublished).
Although foraging parasitoids commonly use volatile allelochemicals (produced by the host
or its host plant) as cues to locate hosts, this has not been demonstrated with B. intermedia. Whether
females use olfactory cues to find potential hosts from a distance has not been resolved.
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Outline of the Study

The present work investigates how female B. intermedia use chemical cues to locate and
identify hosts; more specifically, how previous experience modifies the behavioral response to odors
and how odors might serve as cues to locate hosts from a distance.
Previous studies had demonstrated that the probability of host acceptance increased
following oviposition experience. Chapter 2 presents which behaviors of the initial oviposition
sequence determine subsequent increased host acceptance, and how the behavior of experienced
wasps encountering a host is modified so that host acceptance increases. Since the results of this
study suggested that during their first oviposition experience wasps learned the odor of their host,
vanilla was used to demonstrate that wasps could learn odors (Chapter 3). Wasps exposed to vanilla
odor during their first oviposition experience subsequently responded to a vanilla-scented model by
drumming and inserting their ovipositor in it. This conditioning protocol was used to study the nature
of the learning process and to determine when during the oviposition sequence, was the odor learned.
Chapter 4, investigates how wasps may use odors to locate hosts from a distance. Wasps were
conditioned to fly toward a source of vanilla odor in a wind tunnel, and their behavior was observed
as they approached various ‘targets’ providing different combinations of olfactory and visual stimuli.
Finally, the flight maneuvers of conditioned wasps flying toward a source of odor are described in
Chapter 5, and compared with maneuvers of male moths flying along a pheromone plume.
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CHAPTER 2
INCREASED HOST ACCEPTANCE IN EXPERIENCED BRACHYMER1A INTERMEDIA:
WHICH OPPOSITION BEHAVIORS CONTRIBUTE TO EXPERIENCE ?

Introduction

Brachymeria intermedia is a solitary endoparasitoid of lepidopterous pupae. It may

parasitize a wide array of species, but it is principally associated with the gypsy moth, Lymantria
dispar (Dowden, 1935). The host-parasitoid relationship is mediated by a cuticular kairomone which

elicits antennal drumming and drilling of the host by the females (Tucker & Leonard, 1977).
However, the behavioral response to the host is greatly influenced by the female's previous
experience. Naive females (females who have never encountered a host) are less likely to parasitize
suitable hosts than experienced ones (Drost & Carde, 1990, 1992a,b). As well, the propensity to walk
to a source of pupal odor and to probe a kairomone-loaded filter paper with their ovipositor is lower
for naive females than for experienced ones (Carde & Lee, 1989).
Modification of parasitoid behavior through host experience had been documented with
many parasitoid wasps (see Vet & Groenewold, 1990). In wind-tunnel experiments, experienced
Microplitis

croceipes

(Hymenoptera:

Braconidae),

a larval parasitoid of Helicoverpa zea

(Lepidoptera: Noctuidae), were more likely to fly upwind host-related odors than naive ones (Drost
et

al.,

1986,

1988).

Similarly,

experienced female Cotesia marginiventris (Hymenoptera:

Braconidae), generalist parasitoids of lepidopteran larvae, were more likely to walk toward hostrelated odors in an olfactometer than naive females (Turlings et al., 1989). Behavior on the host also
can be modified through previous experience. Experienced females of Trichogramma maidis
(Hymenoptera: Trichogrammatidae), an egg parasitoid of the European com borer, Ostrinia nubilalis
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(Lepidoptera: Pyralidae), exhibited less complex oviposition sequences and higher acceptance
(oviposition in the host) than naive females (Kaiser et al., 1989).
The mechanisms underlying such behavioral changes have been investigated with an
emphasis on foraging behavior. Learning had been demonstrated or suggested to account for the
behavioral changes that occur through experience in a diversity of parasitoids (Vet & Groenewold,
1990). Thus, M croceipes females encountering non-volatile chemicals related to the host, learn the
associated volatile chemicals. As a result, the experienced females subsequently fly toward hostrelated volatile chemicals, unlike naive females (Lewis & Tumlinson, 1988). Likewise, the use of
learned odors by foraging parasitoids had been documented in many species (e.g., C. marginiventris,
Turlings et al., 1990; Leptopilina heterotoma. Vet & Shoonman, 1988; Vet & Groenewold, 1990;
Papaj & Vet, 1990; M. croceipes, Zanen & Carde, 1991). How experience modifies the behavior of a
female once she encountered a potential host, however, has received comparatively little attention.
A mature female B. intermedia encountering a suitable host undertakes a fairly stereotyped
antennal examination of the host, eventually leading to oviposition (Tucker & Leonard, 1977; Drost
& Carde, 1990). Previous oviposition experience, however, increases the probability of oviposition
(Drost & Carde, 1990, 1992a,b). Our study was undertaken to describe the mechanisms underlying
these behavioral changes. We investigated two issues: (i) is the change from being naive to ‘being
experienced’ a switch from one condition to another or does the behavior change progressively as
experience is acquired? (ii) which behaviors in the oviposition sequence contribute to the acquisition
of experience? To address these questions we examined how the pattern of acceptance was modified
through experience among wasps with quantitatively or qualitatively different experiences.
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Materials and Methods

Insects
Gypsy moths were reared on artificial diet (Bell et al., 1981) from eggs supplied by USD A
(APHIS Methods Development Center, Otis Air National Guard Base, MA). The growth chamber
was maintained at 24 ± 1 °C and 60-70 % relative humidity with a L16:D8 photoperiod. One to three
day-old pupae were collected and stored at 5 °C for one or two days before being used for the rearing
of B. intermedia or for the experiments. The pupae were rinsed with 0.3 % sodium hypochlorite and
allowed to dry for at least one hour before presentation to the wasps. Washing ensured the pupae
were clean while remaining acceptable to the parasitoids.
The colony of B. intermedia was maintained on gypsy moth pupae at 24 ± 1 °C and 60-70 %
relative humidity with a L16:D8 light cycle. Wasps were collected on the day of emergence and kept
in the same environmental conditions in screen cages provisioned with water and honey. The male to
female ratio was 1:3 and males were removed on the third day since mating occurs during the first
two days (Dowden, 1935). On day six, females were given an experience according to their treatment
group. Their response to a gypsy moth pupa was tested the following day.

Experiment 1: Quantitative Difference in Experience
This experiment was designed to compare the acceptance behavior of females who had
variable numbers of oviposition experiences. In our laboratory conditions, 6 day-old B. intermedia
successfully parasitize an average of 3.5 pupae per day and they can parasitize up to 15 gypsy moth
pupae in a row (Drost & Carde, 1992a). Therefore, we examined the following six treatment groups:
females with no experience (no prior encounter with a host) and females with one to five oviposition
experiences. All the six groups were always tested daily in a random order with 1 or 2 females per
group. The test was repeated eleven times; we obtained 20 wasps per treatment for the first three
groups (0 to 2 ovipositions) and 18 wasps per treatment for the last three groups (3 to 5 ovipositions).
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Both the acquisition of experience and the tests were conducted at 28 °C between the 8th-10th hours
of the photophase, when the females are responsive to host kairomone (Tucker & Leonard, 1977).
The wasps were transferred to the experiment room at least 2 hours before assays for acclimatization.

Treatments
The females were randomly assigned to a treatment group and were given experience
accordingly. Naive wasps were not exposed to any host before the test. Wasps assigned 1 to 5
oviposition experiences were released individually on a gypsy moth pupa in a petri dish (3.5 cm
diameter) and watched until they completed an oviposition sequence (Tucker & Leonard, 1977) or
until 30 min elapsed. The procedure was repeated until the females accomplished the number of
oviposition sequences they were assigned. Every wasp ovipositing in the first pupa oviposited in all
subsequent presentations of pupae (ovipositions 2 through 5). However, a small proportion of wasps,
apparently unable to parasitize the host, did not oviposit in the first pupa within the 30 minutes
allowed and could not be used. As a result, one to three wasps were excluded from each of these
treatment groups.
The amount of handling of the wasps was equalized over the six treatment groups. After the
last oviposition, wasps were transferred from 0 to 5 times (5 minus the number of ovipositions
experienced) to an empty dish so that all of them were ‘manipulated’ 5 times. The wasps were then
returned to the rearing room overnight. With this procedure differences observed later during the test
could be attributed to the responses to the host presented rather than to differences due to handling.

Tests
The behavior of the females exposed to a gypsy moth pupa was examined on the day
following the treatment. B. intermedia uses and learns visual cues when foraging in-flight for hosts
(Drost & Carde, 1992c). To avoid the wasps responding to environmental cues rather than to the
pupae, the test set up was altered. Single pupae were placed in the center of petri dishes (9 cm
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diameter) lined with filter paper (Whatman No. 1). Females were released singly in a dish
approximately 3 cm from the pupa and watched until either they inserted their ovipositor into the
pupa (acceptance) or until 3 min elapsed. The occurrence and duration of the female's behaviors
were recorded with a TR-80 model 100 computer. We compared among the six groups, the time
spent in each behavior and the overall responses of females to the host.
The recorded behaviors, previously described by Drost & Carde (1990), were as follows:
-Not on host: walking or standing still anywhere but on the pupa
-Preening not on host: any preening behavior anywhere but on the pupa
-Antennal encounter: antennal tapping of the pupa while the wasp stands on the dish
-Drumming: antennal tapping of the pupa while the wasp stands on the pupa
-Walking: walking on the pupa while not drumming
-Standing still: standing motionless on the pupa
-Inserting the ovipositor: piercing the pupal cuticle with the ovipositor

The overall response of the females to the host was described as follows:
-Drill: the wasp drummed the pupa and inserted her ovipositor into the pupa
-Drum: the wasp drummed the pupa but did not drill
-No response: the wasp did not drum

Immediately following the test, wasps from the naive treatment were exposed to a pupa in
the same procedure as the experienced wasps were during the treatment phase. If they did not
oviposit within 30 min, they were considered to be unable to parasitize the host, and therefore they
were eliminated. Two wasps in this group were thus excluded. It was necessary to eliminate non¬
responding wasps from the naive group, since in each of the experienced groups 1 to 3 wasps had
been previously excluded for the same reason. This criterion ensured that all the wasps included in
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the analysis were capable of parasitizing the host. A statistical analysis across the 6 treatment groups
was therefore possible and any differences could be attributed to differences in previous experience.

Controls
To equalize the amount of handling during the treatment phase, the wasps were transferred
to empty dishes. However, the number of transfers differed among groups. It increased from 0
transfer in the 5 oviposition group to 5 transfers in the naive group. Conceivably, these transfers
could be a ‘negative’ experience as opposed to a ‘positive’ experience received by the wasps
transferred onto a pupa. Then, the wasps with fewer oviposition experiences would also be the wasps
with more ‘negative’ experience. To disentangle these factors we conducted an additional
experiment to check if transferring the wasps to empty dishes diminished their rate of host
acceptance. Two groups were compared in which the wasps differed in their negative experience.
Twenty-three wasps had one oviposition experience followed by four transfers according to the
protocol previously described in the ‘Treatments’ section. Twenty-three others had only a single
oviposition experience.
To verify whether the observed oviposition sequences resulted in an oviposition, the pupae
were maintained at 24 °C for four weeks to allow moth or parasitoid emergence. As a control, 10
pupae not exposed to any wasp were held in the same conditions. A total of 276 pupae were offered
to the wasps for parasitization during the treatment procedure. Seventeen percent (48) of these pupae
developed into moths. Sixty-eight percent (187) developed into wasps and 15 % (41) died. All the
control pupae (10) developed into moths. Thus, visual assessment of ovipositor insertion appeared to
be a good indicator of actual oviposition in that in more than two third of the instances a parasitoid
emerged. It is possible that additional ovipositions occurred and either parasitization was overcome
by the host resulting in host emergence, or the host died.

10

Experiment 2: Qualitative Difference in Experience
In this experiment we compared the acceptance behavior of females which had various
experiences with a single host. The standard oviposition sequence of B. intermedia was described by
Tucker & Leonard (1977) (on the greater wax moth, Galleria mellonella) and by Drost & Carde
(1990) (on the gypsy moth, L. dispar). The sequence involves a variety of behaviors and transitions
between behaviors leading to oviposition and departure from the host. We hypothesized that
experience might not require a complete oviposition sequence. Rather, an ‘incomplete’ handling of
the host could alter a wasp's subsequent behavior. We recognized five potentially important steps and
consequently compared the six following treatments obtained by interrupting the wasps at various
steps of the oviposition sequence on a pupa: females with no exposure to a host (NAIV), females
who had an antennal contact with a host (ANTE), females who drummed while standing on the host
(DRUM), females who only inserted the ovipositor into the host (INOV), females who completed an
oviposition sequence up to ovipositor withdrawal (OVWI), and females who completed an
oviposition sequence (OVIP) (Figure 2.1, Page 13). Each treatment was equivalent to the preceding
treatment, plus one step of the standard acceptance sequence. Thus, the six treatments constituted a
‘qualitative continuum’ of experience from naive to experienced wasps.
The overall protocol was identical to Experiment 1. Twenty-six repetitions were performed,
yielding 39 wasps per treatment. As in the first experiment, 0 to 3 wasps were excluded from each
treatment group (including the naive group) because they failed to respond to the pupa. However, all
wasps initiating antennal drumming continued the behavioral sequence to the assigned step.

Treatments
As in Experiment 1, 6 day-old females were distributed into independent groups receiving a
treatment on one day and being tested the next day. In all the groups (except the NAIV group) the
treatment consisted in a single experience. The treatments were as follows:
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-NAIV: the females did not encounter a host,
-ANTE: the females were allowed only antennal contact with a pupa. They were held in an
uncovered dish held few millimeters from the pupa, so that the wasps were able to tap the
pupa with the antennae but could not step on it. Based on the results of the time analysis in
Experiment 1, the duration of antennation was set to 20 s. Naive females accepting a pupa
spent on average 16 s in ‘antennal encounter’ with 71 % of the females spending between 0
to 20 s,
-DRUM: the females were transferred to a pupa and allowed to drum for 50 s. Data from
Experiment 1 indicated that naive females accepting the host spent on average 70 s
drumming, with 57 % of the females spending between 0 to 50 s. Allowing a longer
duration of drumming would have led to a number of wasps inserting their ovipositor,
-INOV: the females were transferred to a pupa and watched until they grasped the pupa
with the hind legs and started to insert their ovipositor through the cuticle. They were then
immediately removed from the host so that oviposition did not occur,
-OVWI: the females were allowed to oviposit on a pupa and removed as soon as they
withdrew the ovipositor,
-OVIP: the females were allowed to complete an oviposition sequence on a pupa, including
preening, walking and drumming on the pupa after ovipositor withdrawal (20 s).

Tests
The day following the treatment, the behavior of the wasps was examined, following the
procedure described in the previous experiment.

Statistical Analysis
The average time per female spent in each behavior was compared between treatments with
a Kruskal-Wallis test. The distribution of overall responses of females to the host was compared
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NAIV

ANTE
DRUM

INOV

walking
antennal
encounter

OFF HOST

drumming -

ON HOST

insertion
of ovipositor
oviposition
ovipositor!
withdrawal

OVWI
OVIP

drumming

Figure 2.1. Standard oviposition sequence of B. intermedia on a gypsy moth pupa (adapted from
Tucker & Leonard, 1977 and Drost & Carde, 1990), showing the six treatment groups compared in
Experiment 2. The arrows indicate the possible transitions between behaviors, from walking off the
host to post-oviposition drumming on the host. The horizontal lines indicate where in the sequence
the wasps were interrupted experimentally.
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among treatments with a G-test of independence. When a significant difference was detected the
percentages of females drilling, drumming and not responding to the host were further compared
among treatments with the same test. Pairwise comparisons were performed to compare the naive
treatment to each of the others. The level of significance (a= 0.05) was then adjusted to the number
of comparisons (k= 5) with ot'= l-(l-ot)(1/k) (Sokal & Rohlf, 1981). Thus, for the pairwise
comparisons a - 0.01 and a difference was declared significant when p<0.01, that is when p’<0.05.

Results

Experiment 1
Percent of Response
The responses of females presented with a host were significantly different according upon
the treatment groups (p= 0.001) (Figure 2.2, Page 15). Overall, the percentage of females drilling the
host increased with the number of experiences (p= 0.008). The percentage of drilling by naive
females was the lowest (40 %), whereas it was the highest (89 %) in wasps with 5 oviposition
experiences. Pairwise comparisons indicated that drilling by females with 3 or 5 oviposition
experiences was significantly higher than drilling by naive females (p’= 0.025 and 0.005,
respectively). However, the elevation in host acceptance found with females having 1, 2 or 4
oviposition experiences was not statistically significant. The percentages of rejection were not
significantly different over all treatments (p= 0.07). On the other hand, the percentage of ‘no
response’ was quite different (p< 0.0001). Naive females exhibited a high level of ‘no response’
(50%), compared to all other groups (less than 12 %). The pairwise comparisons indicated significant
differences in ‘no response’ between the naive females and all the experienced ones (p’< 0.05).
In the control experiment no significant difference was observed in the pattern of response
of the wasps with and without a ‘negative’ experience following oviposition (p= 0.208) (Figure 2.3,
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■ Drill
□ Drum
■ No response

Number of ovipositions previously experienced

Figure 2.2. Percentage of female B. intermedia of each treatment group (0 to 5 oviposition
experiences the previous day), drilling, drumming and not responding to the host, L. dispar, during
the test. Stars indicate groups significantly different from the group of females with no oviposition
experience (G-test, pairwise comparison, p’< 0.05). N= 20 and N= 18 in the groups with 0 to 2 and 3
to 5 oviposition experiences, respectively.

■ Drill
□ Drum
■ No response

Treatment

Figure 2.3. Percentage of female B. intermedia drilling, drumming and not responding to the host, L.
dispar, during the test (one day following treatment). Wasps had either one oviposition experience
followed by four successive transfers to empty petri dishes (+) or one oviposition experience only (-).
(G-test, p= 0.208), N= 23.
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Page 15). The number of wasps drilling, drumming and not responding were, respectively, 18, 5, 0 in
the former group and 15, 6, 2 in the latter. This control verifies that transferring the wasps to empty
dishes had no discernible negative effect. Therefore, the differences in the rates of host acceptance
observed in our experiment can be attributed to the differences in the number of ovipositions
experienced.

Time Allocation
Table 2.1 (Page 17) presents the average time spent in each behavior by females for each
treatment group. The duration of these behaviors was quite variable and only one significant
difference among treatments was detected. The time spent ‘not on host’ was significantly different
among the six groups (p= 0.0001), with the naive wasps spending the longest time ‘not on host’ (89
s, on average) and the most experienced wasps (5 ovipositions) spending the shortest time ‘not on
host’ (6 s, on average). Over all the treatment groups, most of the time was spent in ‘drumming’ on
the pupa or ‘preening not on host. ’ However, within each of the three categories of response (drill,
drum and no response), no significant differences were found among treatments for any behavior.
Table 2.2 (Page 17) presents the average time spent in each behavior by females over all the
treatment groups for each of the three types of response. The times spent ‘not on host’ as well as
‘preening not on host’ were significantly different among the three groups (p= 0.0001 and p= 0.0053,
respectively), the shortest for drilling females (15 and 21s, respectively) and the longest for not
responding females (126 and 63 s, respectively). Additionally, the time spent ‘drumming’ on host
was significantly longer for drumming females than for drilling females (89 vs. 48 s, p= 0.003).
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Table 2.1. Time allocation (in s) by female B. intermedia offered a gypsy moth pupa, according to
the number of ovipositions experienced one day prior to the test. Mean ± s.d., (range). N= 20 and N=
18 in the groups with 0 to 2 and 3 to 5 oviposition experiences, respectively. Results were compared
across columns by means of a Kruskal-Wallis test.

Not on host
Preening off host
Antennal
encounter
Drumming on host
Preening on host
Standing
host

still on

0 ovip

1 ovip

2 ovip

3 ovip

4 ovip

5 ovip

K-W test

89 ±65
(1-181)
49 ±43
(15-151)
14 ± 11
(3-32)
81 ±45
(3-144)
15 ±0
(15-15)
8±8
(2-13)

48 ±47
(1-146)
26 ±24
(5-68)
19 ±22
(2-87)
68 ±52
(1-174)
8±0
(8-8)
3± 1
(2-3)

33 ±45
(0-135)
36 ±22
(15-66)
22 ±27
(1-113)
63 ±49
(8-163)
6±0
(6-6)
4± 1
(3-5)

15 ±21
(1-80)

26 ±41
(1-147)
56 ±40
(11-96)
19 ±22
(5-90)
39 ±36
(1-117)
4± 1
(3-4)
18 ± 1
(17-19)

6±6
(0-27)
66 ±0
(66-66)
14 ± 16
(2-67)
54 ±42
(5-127)

p= 0.001

-

16 ± 19
(5-90)
53 ±55
(3-167)
43 ±50
(12-101)
-

-

25 ± 18
(11-45)

ns
ns
ns
ns
ns

Table 2.2. Time allocation (in s) by female B. intermedia offered a gypsy moth pupa, according to
the outcome of the tests over all the treatments. Mean ± s.d., (range). N= 74, 24 and 16, respectively,
respectively. Results were compared across columns by means of a Kruskal-Wallis test.

Not on host
Preening of host
Antennal encounter
Drumming on host
Preening on host
Stand still on host

Drill

Drum

No response

K-W test

15 ±26
(1-151)
21 ± 16
(6-62)
15 ± 13
(1-64)
48 ±39
(1-144)
12 ±5
(8-15)
8±7
(2-18)

47 ±44
(1-146)
35 ± 31
(5-96)
5±5
(1-18)
89 ±59
(1-174)
7±5
(3-15)
15 ± 15
(3-45)

126 ±41
(30-181)
63 ±38
(15-151)

p<0.01
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p<0.01

-

ns

-

p<0.01

-

ns

-

ns

Experiment 2
Percent of Response
The responses to the host were significantly different among treatments (p< 0.001) (Figure
2.4, Page 19). Host acceptance increased with the level of experience with a gypsy moth pupa, from
15% in naive females (NAIV) to 64% in ‘fully experienced’ females (OVTP) (p< 0.001). Pairwise
comparisons indicated that each of the three treatment groups where the wasps at least initiated
ovipositor insertion (INOV, OVWI and OVIP) was significantly different from the naive group (p’<
0.05) and no significant difference was found between any group and the next. The percent of
rejection was between 28 and 51%, not significantly different among treatments (p= 0.28). The
percent of wasps not responding to the host decreased significantly from 56% in naive wasps to 8 %
in fully experienced wasps (p< 0.0001). Wasps allowed only antennal contact with a pupa (ANTE)
differed from naive wasps at p’= 0.054. All the other groups differed significantly from the naive
group atp’< 0.05.

Discussion

The percentage of females accepting the host increased gradually with the number of
previous oviposition experiences, and with increasing handling of the host during a previous
oviposition. Thus, both experiments indicated that the change from naive to experienced females is a
gradual process. However, although this is true at the population level, it is still possible that for each
wasp it is an all or nothing switch and the probability of switching increases with increasing
experience. Increased host acceptance by experienced females had already been demonstrated in B.
intermedia (Drost & Carde, 1990, 1992a,b). It was suggested then that the occurrence of oviposition

experience triggered a change in the physiological state of the wasp by stimulating egg development
(Drost & Carde, 1992a), modifying the ‘motivation’ to oviposit and thereby increasing the propensity
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NAIV

ANTE

DRUM

INOV

OVWI

OVBP

Experience received prior to the test

Figure 2.4. Percentage of female B. intermedia of each treatment group drilling, drumming and not
responding to the host, L. dispar, during the test, one day following the treatment. NAIV: females
with no experience, ANTE: females which previously had an antennal contact with a pupa, DRUM:
females which previously walked and drummed on a pupa, INOV: females which previously
attempted to oviposit into a pupa, OVWI: females which previously oviposited in a pupa but were
interrupted immediately after ovipositor withdrawal from the pupa, OVEP: females which previously
completed a normal oviposition sequence. Stars indicate groups significantly different from the
group of females with no oviposition experience (G-test, pairwise comparison, p’<0.005). N=39 in
all groups.
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to later accept a potential host. Indeed, oviposition experience, as opposed to drumming experience
significantly increased host acceptance compared to naive females (Experiment 2). Oviposition per
se, however, was not necessary for this effect, since the wasps who drilled but did not oviposit in the

pupa (INOV) were also significantly more likely to later accept a pupa than naive wasps. Thus, a
previous attempt to oviposit (ovipositor extension) rather than previous oviposition might increase
the ‘motivation’ to oviposit.
The behaviors of naive and experienced wasps on the host appeared to be similar in terms of
average time spent in each behavior, although the sequential organization of the behaviors differs
(Drost & Carde, 1990). When the wasps were compared according to their response to the host,
drumming females drummed almost twice as long as drilling females, which is consistent with
previous work (Drost & Carde, 1990). The response to the host from a short distance was altered
through experience. In both experiments the percentage of ‘no response’ i.e., the percentage of wasps
not going to the pupa, was dramatically higher for naive females than for experienced females (50 %
vs. 0-11 %, respectively, in Experiment 1, and 56 % vs. 8-28 %, respectively, in Experiment 2).
Naive females typically wandered around the host, whereas experienced females oriented toward the
pupa which resulted in the observed shorter durations ‘not on host.’ Typically these wasps walked in
a straightened-out path while alternatively moving the antennae up and down in a slow even motion.
Although the pupae were conspicuous enough to allow orientation via visual cues, antennal waving
during approach suggests that orientation was mediated principally by chemical cues. Supporting this
interpretation are olfactometer experiments demonstrating greater responses to host kairomone by
experienced vs. naive B. intermedia (Carde & Lee, 1989). Experienced wasps were more likely to
walk toward a source of pupal gypsy moth kairomone and reached the source more rapidly than
naive wasps.
The modification of the wasps' acceptance behavior through experience can be interpreted
as a multiple-step process in which antennal contact with the pupal cuticular kairomone would be the
first event. Although the effect on host acceptance was weak (21 vs. 15 % for ANTE vs. NAIV), it
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was stronger on ‘no response’ that is, on short range orientation to the host (28 vs. 56 % for ANTE
vs. NAIV). It might be comparable with the process of odor learning demonstrated in foraging M
croceipes (Lewis & Tumlinson, 1988). After drumming in response to the cuticular kairomone, the

females B. intermedia may become more responsive to the volatile chemicals released by the pupa
than naive wasps. As a result, these wasps became more likely to later walk toward a pupa. This
would contribute to the observed decrease in both the percent of ‘no response’ and the average time
spent ‘not on host’ by experienced females. The enhanced performance of the females with
drumming experience on a pupa (DRUM) compared to the females allowed only antennal contact
with the pupa (ANTE) may result from the longer exposure to the kairomone. The next step would
be marked by the insertion of the ovipositor into the pupa. Yet, it is unclear what kind of stimulus
inserting the ovipositor might provide to the female. Although chemoreceptors are common on the
ovipositor of parasitoids (see Arthur, 1981), only mechanoreceptors have been described for B.
intermedia. (Minot & Leonard, 1976). At this point, changes in the physiological state of the wasp

might be the most important factor responsible for the subsequent behavioral changes (Drost &
Carde, 1992a). Finally, a complete oviposition sequence with post-oviposition drumming of the
pupa, may allow the female to learn the pupal odor as in the first step and thus increase subsequent
responses to the host.
Experience in B. intermedia modifies short range-orientation to the host more than the
examination behavior. Although we found that oviposition was not required to induce the behavioral
changes, Drost & Carde (1990) showed that mere exposure to host odor did not induce increased
acceptance by the wasps. Thus, sensitization sensu stricto, which is the increase of a response to a
stimulus as a result of exposure to the stimulus (Eisenstein & Reep, 1985), is an unlikely explanation
of our findings. By analogy with the foraging behavior of other parasitic wasps, the observed changes
in the acceptance behavior appear to have resulted (at least partly) from associative learning of an
odor (Vet & Groenewold, 1990). At the time of the first oviposition sequence, the naive wasp
associated the pupal odor with the presence of a host. She subsequently used that chemical
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information to locate other hosts. However, larval parasitoids learn to progress from a long distance
upwind, toward a novel odor source that is indicative of host presence. Associative learning is then a
particularly adaptive strategy since it increases foraging success through the opportunistic
exploitation of an accessory stimulus (Vet et al., 1991). It is puzzling then that B. intermedia should
learn the odor of its host since one might expect host recognition to be hard-wired. However,
although the gypsy moth is the favored host of B. intermedia, this wasp parasitizes other species.
Such behavioral plasticity allows a broadening of the host range, enabling the utilization of alternate
hosts when gypsy moth pupae are unavailable. This flexibility may be particularly pertinent to
European populations in which additional generations on alternate hosts have been documented
(Dowden, 1935). In the United States, where B. intermedia has rarely been recovered from other
hosts (c/, Prokopy, 1968; Leonard, 1975) the ability to switch hosts may be a vestige of its European
ancestry.
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CHAPTER 3
REINFORCEMENT MECHANISMS OF OLFACTORY CONDITIONING DURING
PARASITIZATION BY BRA CHYMERIA INTERMEDIA

Introduction

Olfactory cues are commonly used by parasitoids to locate potential hosts. Odor-induced
behaviors (e.g., upwind flight, antennal drumming or oviposition) may be then, either stereotyped or
modified through experience. Thus, an odor initially failing to elicit these behaviors may do so after
the female was exposed to the odor while ovipositing (see Turlings et al., 1993; Vet et al., 1995).
Several learning mechanisms may account for such behavioral plasticity. Sensitization describes a
phenomenon in which mere exposure to a stimulus increases subsequent response to that stimulus.
For example, previous exposure to volatile chemicals emitted by the plant-host complex dramatically
increases the probability that female Cotesia rubecula (Hymenoptera: Braconidae) subsequently fly
toward that odor (Kaiser & Carde, 1992). Pseudo conditioning also is characterized by an increased
responsiveness to the olfactory stimulus following exposure to the stimulus. However, this change in
responsiveness is due to physiological changes associated with oviposition. Classical conditioning, a
case of associative learning, is more complex and requires temporal coincidence of odor and
oviposition. When a wasp oviposits into a host in response to the host’s kairomones, an association
can be formed between the presence of odor and the act of oviposition. Oviposition then serves as a
reinforcer (or ‘reward’) in the conditioning process and the odor acquires an informative value for
the parasitoid seeking other similar hosts. The occurrence of odor conditioning in a parasitic wasp
was first demonstrated with Microplites croceipes (Hymenoptera: Braconidae), although not in
association with oviposition. Female wasps fly toward initially unattractive volatile chemicals after
they have been exposed to these compounds while antennating host frass, which contain non-volatile
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chemicals reinforcing learning (Lewis & Tumlinson, 1988; Lewis et al., 1991). Some parasitoids also
learn two odors associated with the same reinforcer, e.g., oviposition (De Jong & Kaiser, 1992;
Kaiser & De Jong, 1993, 1995) or different reinforcers e.g., food and oviposition (Lewis & Takasu,
1990; Takasu & Lewis, 1993). They may also learn visual cues either alone (Arthur, 1966, 1967) or
in combination with olfactory cues (Wackers & Lewis, 1994).
Reinforcement is a key element in the process of associative learning. It ensures the
formation of a new connection between an initially neutral stimulus (the conditioned stimulus, e.g.,
odor) and a behavioral response (e.g., oviposition) initially evoked by another stimulus (the
unconditioned stimulus, e.g., host kairomones). It is commonly proposed that during conditioning the
conditioned stimulus signals the presence of the unconditioned stimulus and an association is formed
between the two stimuli (Rescorla, 1988). Yet, there is no unequivocal explanation of the
mechanisms of reinforcement governing classical conditioning (Terrace, 1984). The present study
investigates reinforcement mechanisms during olfactory conditioning in the parasitoid Brachymeria
intermedia. We examined the reinforcing value of various behaviors for odor conditioning during the

late stage of host foraging, host examination and acceptance.
B. intermedia is an endoparasitoid of gypsy moth pupae, Lymantria dispar. In inexperienced

wasps, cuticular kairomones extracted from the host evoke antennal drumming of the substrate
followed by ovipositor probing (Tucker & Leonard, 1977; Carde & Lee, 1989). Previous work
suggested that naive females learn the odor of the host during their first oviposition, increasing the
rate of acceptance of hosts upon subsequent encounters (Chapter 2). We conditioned inexperienced
females to a novel odor (vanilla), varying both the duration and timing of odor exposure and the
outcome of the parasitoid-host encounter. We observed the subsequent behavioral responses to the
novel odor and compared success of conditioning obtained with various reinforcement protocols.
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Materials and Methods

Insects
The colony of B. intermedia was maintained on laboratory-reared gypsy moth pupae at 24 ±
1 °C and 60-70% relative humidity with a L16:D8 light cycle. Upon emergence, male and female
wasps were placed in cages provisioned with water and honey, with no access to pupae, and were
allowed two days to mate (Dowden, 1935). Then, females to be used in the experiments were
collected from the main colony three days post emergence, and maintained in cages under the same
conditions. Six days after emergence, females were given a conditioning experience according to
their treatment group (conditioning). Their response to the conditioning odor was examined the
following day (test). Both the conditioning and the test were conducted at 28 °C between the 8th10th hours of the photophase, when females are most responsive to host kairomones (Tucker &
Leonard, 1977). The wasps were transferred to the experiment room at least 2 hours before assays for
acclimatization.

Conditioning
A wasp was introduced into a 60 x 40 mm glass tube containing a male gypsy moth pupa.
Air pumped from the room through an activated charcoal filter was delivered into the glass tube in a
continuous flow (50 ml min'1) through a 14 mm Pasteur pipet containing a 4 x 60 mm strip of filter
paper (Whatman No. 1). Air coming out of the tube was exhausted continuously outside the room. A
second flow was generated through another pipet in which a strip of filter paper was loaded with 25
p.1 of vanilla food flavoring. Odor was delivered in the conditioning tube as needed only, by
switching air flows. However, if the experiment required a subsequent switch from odorized to clean
air, we quickly transferred the pupa with the wasp on it to a clean adjacent tube receiving a clean air
flow. This procedure prevented odor contamination of the conditioning tube. As this handling might

25

have disrupted the wasps, females in the control groups (see treatments below) likewise were
transferred to another tube although there was then no risk of odor contamination.
Wasps were conditioned individually. A wasp was introduced in the conditioning tube
which was then closed with a fine mesh wire plug. When the wasp mounted the pupa we measured
the time she spent tapping its surface with her antennae before oviposition (drumming), the duration
of oviposition and the time spent drumming on the pupa after oviposition. Meanwhile, odorized air
was delivered according to the treatments described below. The number of wasps per treatment
group within a day was identical for all treatments in all experiments.

Treatments
Treatments were named according to the duration of odor exposure (-, +, ++, for no
exposure, short exposure and long exposure, respectively), the timing of odor delivery and the nature
of the host offered.

Experiment 1: Nature of the Learning Process
To establish whether wasps could learn vanilla odor while parasitizing a host and to
determine the nature of the learning process we compared the following treatments:
-Odor-: wasps were allowed to parasitize a host in the absence of odor,
-Unpaired++: odor was delivered 2 min after the wasps parasitized a host. Duration of
exposure was equal to the duration of the preceding oviposition sequence,
-Paired-H-:

odor was delivered for the whole duration of the oviposition sequence while

wasps were parasitizing a host.

26

Experiment 2: Conditioning During Selected Phases of the Oviposition Sequence
We compared the following treatments to determine whether wasps could be conditioned
when odor was delivered only during selected phases of the oviposition sequence and whether all
behaviors of the sequence were equally reinforcing:
-Odor-: wasps were allowed to parasitize a host in the absence of odor,
-Drum++: odor was delivered for as long as the wasps were drumming on the host before
oviposition,
-Ovip++: odor was delivered for as long as the wasps were ovipositing,
-After++: odor was delivered for as long as the wasps were drumming on the host
immediately after oviposition.

Experiment 3: Brief Conditioning During Selected Phases of the Oviposition Sequence
To determine whether wasps could be conditioned with only a brief odor-reinforcer
coincidence we compared the following treatments:
-Odor-: wasps were allowed to parasitize a host in the absence of odor,
-Dmm+: odor was delivered for 21 s when wasps started drumming on the host before
oviposition. This duration was chosen because it is much shorter than the median duration
of both drumming and oviposition (see results of Experiment 2),
-Ovip+: odor was delivered for 21 s when wasps started ovipositing.

Experiment 4: Conditioning During an Incomplete Oviposition Sequence
To determine whether wasps could be conditioned while drumming on the host if drumming
was not followed by oviposition we compared the following treatments:
-[Drum]-: wasps were allowed to drum on the host for 21 s and removed thereafter. No odor
was delivered,
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-[Drum]+: wasps were allowed to drum on the host for 21 s and removed thereafter. Odor
was delivered during drumming.

Experiment 5: Conditioning on an Empty Pupal Case
To determine whether wasps could be conditioned on unsuitable hosts we compared the
following treatments:
-Empty- : wasps were allowed to attempt to oviposit on an empty pupa in the absence of
odor. Pupae were emptied of their content through a hole on the underside immediately
before the experiment so that they were externally identical to healthy pupae,
-Empty++: odor was delivered for the whole duration of the oviposition sequence when
wasps were allowed to attempt to oviposit on an empty pupa,
-Healthy++: odor was delivered for the whole duration of the oviposition sequence when
wasps were allowed to parasitize a healthy pupa.

Test
A 5.5 mm disk of filter paper (Whatman No. 1) was rolled and secured with a Teflon ring
and both ends folded in. The roll was positioned at the center of a petri dish (9 cm diameter) lined
with filter paper and was loaded then with 20 p.1 of vanilla food flavoring 15 min before the
beginning of the test. Wasps were released individually in the dish and observed for one minute or
until they attempted to insert their ovipositor in the roll (drill). Within each test day wasps from all
treatment groups were tested in random order on the same roll.
The outcome of the test was recorded as walk for the wasps which did not contact the roll,
drum for those which mounted the roll and tapped its surface with their antennae, or drill for those
which attempted to insert their ovipositor in the roll after drumming on it. In addition, for those
wasps which drummed or drilled the roll, we recorded the time elapsed between release in the dish
and initial antennal contact with the roll (latency).
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Statistical Analysis
Durations of behaviors were compared among treatments by means of a Kruskal-Wallis test
since data usually were not distributed normally. Results of the tests were compared among
treatments with a x-square test. Pairwise comparisons in Experiment 5 were performed with a G-test
with the level of significance (a= 0.05) adjusted to the number of comparisons made (2) so that a'=
0.025 (Sokal and Rohlf, 1981).

Results

Experiment 1
Only wasps from the paired treatment were successfully conditioned (Figure 3.1a, Page 31).
The percentage of wasps which did not approach the scented roll during the test was high and very
similar in the Odor- and Unpaired++ treatments (88 and 84%, respectively, N= 32). This
percentage, however, was significantly smaller in the Paired++ treatment (53%, N= 32; p= 0.007).
In that group 38 and 9%, respectively, drummed and drilled the roll within 1 min.
The latency of drumming for the wasps which drummed or drilled in the test phase was the
briefest in the Paired++ treatment. However, median durations were not significantly different
among treatments (6, 8 and 9 s for the Paired++, Unpaired++ and Odor- groups, respectively. N=
15, 5 and 4, respectively).

Experiment 2
During the conditioning phase the durations of drumming, oviposition and drumming after
oviposition were not significantly different among treatments (p= 0.18, 0.79 and 0.18, respectively).
However, the duration of oviposition was longer than of drumming or of post-oviposition drumming
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in all groups (104-111 s vs. 39- 64 s and 28- 48 s median duration, respectively). Therefore, odor
exposure was not equal in all treatment groups. It was the longest in the Ovip-H- treatment.
The proportion of wasps walking in the test phase decreased from 61% (N= 31) in the
Odor- treatment to 32% (N=32) in the Ovip++ treatment (Figure 3.1b, Page 31). Frequency of
drumming was the highest in the Drum++ group (45%, N=31) and frequency of drilling was the
highest in the Ovip-H- group (35%). The differences observed among all treatments were not quite
significant at a= 0.05 (p= 0.056).
The latency of drumming in the test phase was significantly different among treatments, p=
0.049. Latency was the shortest for the wasps conditioned while ovipositing and the highest in the
control group (5, 6, 6, 8 s median duration in the Ovip++, Drum++, After-H- and Odor- group,
respectively. N= 22, 20, 15, and 12, respectively).

Experiment 3
Little conditioning was obtained in this experiment (Figure 3.1c, Page 31). Although more
wasps examined the scented roll (drum + drill) in the Ovip+ and Drum+ groups than in the Odorgroup (72, 67 and 49%, respectively), results were not significantly different among treatments (p=
0.25).
The latency of drumming for the wasps which drummed or drilled was very similar among
all groups (6, 6 and 7 s median duration in the Odor-, Ovip+ and Drum+ group, respectively. N=
17, 26 and 24, respectively. p=0.85).

Experiment 4
No significant difference was observed between the control and treatment group (p= 0.70)
(Figure 3.Id, Page 31). In both groups most of the wasps did not approach the roll: 79 and 75 % in
the [Drum]- and [Drum]+ group, respectively (N= 33 and 32, respectively). Therefore, conditioning
failed in the absence of oviposition.
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Figure 3.1. Behavior of female B. intermedia confined individually for 1 min in a dish containing a
roll of filter paper loaded with vanilla extract, 24 h after conditioning to vanilla. Walk: wasps did not
come into contact with the roll; Drum: wasps mounted the roll and tapped its surface with their
antennae; Drill: wasps drummed the roll and attempted to oviposit. See text for explanations of
treatments, a: Experiment 1 (N= 32 in each group); b: Experiment 2 (N=31, 31, 31 and 32,
respectively); c: Experiment 3 (N= 35, 36 and 36, respectively); d: Experiment 4 (N= 33 and 32,
respectively); e: Experiment 5 (N= 26 in each group).
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Similarly, no significant difference was observed in the latency of drumming (8 and 11 s
median duration for the [Drum]- and [Drum]+ group, respectively, p= 0.52).

Experiment 5
Neither the duration of drumming nor the duration of oviposition during the conditioning
phase were significantly different among the three treatments (p= 0.21 and p= 0.09, respectively).
Therefore, the duration of odor exposure was not significantly different between the Empty+H- and
Healthy-H- treatments. However, the median duration of attempted oviposition was the longest in the
Healthy-H- group (median^ 115s vs. 90 and 59 s in the Empty- and Empty++ groups, respectively).
During the test phase, most of the wasps in the Empty- group walked (73%, N= 26) and
only 12% drummed the roll (Figure 3.1e, Page 31). In the Empty++ and Healthy-H- groups 42 and
46% drummed the roll, respectively (N= 26 in both groups). The results were significantly different
between the Empty++ and Empty-, but not between the Empty-H- and Healthy-H- groups (p= 0.023
and p= 0.059, respectively, a’= 0.025) indicating that wasps were successfully conditioned on empty
pupae (Empty-H-).
The latency of drumming was not significantly different among treatments (p= 0.80),
although it tended to be shorter in the Empty-H- and Healthy-H- groups (6 and 7 s median duration,
respectively. N= 12 and 18, respectively) than in the Empty- group (10 s, N= 7).

Discussion

During their first oviposition experience, female B. intermedia can learn a novel odor
associated with the host. A single experience increased their propensity to walk toward a scented
host model, drum on it and insert their ovipositor into it. Conditioned wasps also consistently walked
more quickly to the roll than unconditioned wasps. Drumming and drilling on the scented rolls were
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undoubtedly induced by the presence of vanilla because wasps do not drum or drill clean filter paper
rolls (unpublished data). These behaviors were not caused by sensitization or pseudoconditioning,
since an asynchronous exposure to odor had no significant effect. Rather, these behavioral changes
were due to associative learning.
These experiments do not describe a response to a naturally available cue, as vanilla odor
would never be encountered in the field. However, the rate of acceptance of a host by female B.
intermedia increases in a similar fashion following experience on the host (Drost & Carde, 1990,

1992a, b; Chapter 2). Therefore, the present results substantiate previous experiments suggesting that
the wasps learned the odor of the host during their first oviposition experience, increasing subsequent
host recognition (Chapter 2). Other parasitoid species likewise can be conditioned to vanilla or other
unfamiliar odors (De Jong & Kaiser, 1991, 1992; Kaiser et al., 1995; Lewis & Takasu, 1990; Takasu
& Lewis, 1993; Vet & Groenewold, 1990). Such an ability to learn diverse odors is presumed to
allow these parasitoids to increase their foraging success in variable environments, as they learn to
use various olfactory cues emanating from the host’s surroundings for host location (Papaj & Vet,
1990; Vet & Dicke, 1992).
In contrast, odor learning observed in our experiments increases recognition of the host by
the wasp rather than enhancing host location. Gypsy moth pupae occur simultaneously in such
diverse settings as on tree trunks, wrapped in foliage or in leaf litter. Therefore, it is unlikely that
olfactory cues from the host’s surroundings play a role in host location, because such cues would be
of little predictive value. Although B. intermedia is principally a parasitoid of the gypsy moth, it
parasitizes other species in the laboratory (Dowden, 1935; Minot & Leonard, 1976; Drost & Carde,
1992b) and in the field (Dowden, 1935; Prokopy, 1968; Leonard, 1975). Learning thus may permit
the parasitoid to modulate its host range and parasitize alternate hosts when gypsy moths are not
present in the field. It is surprising, however, that wasps learn to respond to vanilla, a non-host odor.
Odors learned in nature are probably not so diverse, since they are those presumably emitted by the
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hosts rather than their surroundings. This indicates that in B. intermedia, the ability to learn odors is
not biologically restricted to specific odors emitted by prospective host species.
The greatest increase in the number of wasps responding by drumming or drilling on the
scented roll relative to the blank controls was observed when odor was delivered during the complete
oviposition sequence (3.6 and 2.6-fold increases in Experiment 1 and 5, respectively). However,
oviposition is the main reinforcer in the sequence (Experiment 2): more wasps drilled and drummed
when conditioned during oviposition than during drumming before oviposition (+ 24%) or during
drumming after oviposition (+ 44%). Evidently, success of conditioning depends upon the behavior
being associated with the novel odor and little upon the duration of exposure to odor. When duration
of odor exposure was shortened (Experiment 3 vs. Experiment 2), the number of wasps successfully
conditioned did not decrease, even for wasps conditioned during oviposition, although duration of
odor exposure was decreased the most for these wasps (from over 100 s to 21 s). On the other hand,
when odor exposure was identical (21 s during drumming) but wasps were not allowed to oviposit
(Experiment 4 vs. Experiment 3), the percentage of wasps drumming or drilling dropped sharply
(-62%). It is possible in that case, however, that wasps were conditioned negatively (/'.<?., vanilla was
associated with failure to oviposit).
In addition to determining success of conditioning, the reinforcing behavior appeared to
determine the type of conditioned response. In Experiment 2, when odor had been delivered during
drumming most of the conditioned wasps drummed on the roll (14 of 17). When odor had been
delivered during oviposition, most of the conditioned wasps drilled the roll (11 of 21). Likewise in
experiment 5, fewer conditioned wasps drilled the roll after they were conditioned on empty pupae (1
of 12) than after they were conditioned on healthy pupae (6 of 18). Therefore, drumming on a pupa
essentially reinforced drumming whereas oviposition was reinforced through ovipositing in a host.
This is very similar to previous results obtained with female Brachymeria experienced on gypsy
moth pupae (Chapter 2). Previous drumming experience on a pupa greatly increased later propensity
to drum on another pupa presumably through learning of pupal odor. Concurrently, previous
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oviposition experience mostly increased later propensity to oviposit in a pupa. In addition, other
studies concerned with odor learning by parasitoids during host location showed that olfactory
learning was reinforced through drumming on host frass or host kairomone in the absence of
oviposition (Drost et al., 1986; Ding et al., 1989; Turlings et al., 1989; Turlings et al., 1990; Vet &
Groenewold, 1990). Evidently, although contact with host-related products may characterize
successful location and reinforce host location, only oviposition truly characterizes successful host
recognition and therefore reinforces host acceptance.
Temporal contiguity of the conditioned stimulus and the reinforcer is the major determinant
of conditioning success both in vertebrates and invertebrates (Rescorla, 1988). For example, success
of olfactory conditioning increases significantly in restrained honey bees as the delay between
conditioned stimulus and reinforcer is shortened. Success drops sharply, however, when the
conditioned stimulus follows the reinforcer (Menzel & Bitterman, 1983). Our results with B.
intermedia showed a similar trend. The slight conditioning obtained with drumming in the second

experiment suggests that it was forward conditioning (i.e., the conditioned stimulus precedes the
reinforcer) with oviposition as the reinforcer. When duration of odor exposure during drumming was
shortened (Experiment 3), the delay between conditioned stimulus (odor) and reinforcer (oviposition)
was therefore lengthened and conditioning decreased. Conditioning failed when odor was delivered
during drumming following oviposition (Experiment 2).
Although oviposition appeared to be the most effective reinforcer, successful parasitization
was not essential, since drilling in an empty pupa also reinforced conditioning (Experiment 5).
However, wasps drilling in empty pupae apparently recognized them as unsuitable, as they often
shortened the duration of drilling. They also exhibited a side-to-side swinging behavior while
drilling, a behavior which was not observed on healthy pupae. However, it was not possible to verify
that they did not lay eggs as they typically do in healthy pupae (Chapter 2). Despite this evident
negative feedback, drilling on empty pupae did not serve as a negative reinforcer or fail to reinforce
(as the absence of drilling did, Experiment 4). Thus, host acceptance (initiation of ovipositor
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insertion) seemed to prevail over actual oviposition (egg laying) to reinforce conditioning, which
indicates that ‘arousal’ plays an important role in reinforcement. Mammalian studies of
reinforcement

during

operant

conditioning,

another

associative

learning

procedure,

have

demonstrated that brain stimulation and injections of dopamine could serve as reinforcers (Ettenberg,
1989; Phillips et al., 1989; Wise & Rompre, 1989; White & Milner, 1992). Similarly, injections of
octopamine which has an ‘appetitive’ arousal effect in honeybees (Menzel et al., 1991), can reinforce
classical olfactory conditioning in the absence of other reinforcement (Hammer & Menzel, 1994,
1995). These findings provide support for the hypothesis that during classical conditioning an
association is formed between the conditioned stimulus and a central motivational state rather than
between two stimuli (Mowrer, 1947, 1960; Rescorla & Solomon, 1967). The present results indicate
that in B. intermedia too, it is the association of the conditioned stimulus with an ‘aroused’ state
(host acceptance) that leads to conditioning, rather than the association of the conditioned stimulus
with an unconditioned stimulus (related to oviposition). Similarly, other parasitoids may learn odors
associated with host-derived products in the absence of oviposition by associating the odor with an
‘aroused’ state associated with host finding.
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CHAPTER 4
IN-FLIGHT USE OF OLFACTORY CUES TO LOCATE POTENTIAL HOSTS
BY FEMALE BRA CHYMER1A INTERMEDIA

Introduction

Odors can be valuable cues for female parasitoids foraging for hosts, because hosts often
release quite characteristic odors which can be perceived by insects at some distance. Thus, various
parasitoids may locate a host by flying upwind toward odors emitted by the host, its feces, hostassociated microorganisms, or the host’s host plant (see Vinson, 1991). In some examples, females
need to ‘learn’ the odor before it evokes flight. Such learning may occur at the time of emergence
when the adult is exposed to the host remnants (Herard et al., 1988; Caubet & Jaisson, 1991;
Cortesero & Monge, 1994), or it may occur when a parasitoid finds a new host to parasitize (see
Turlings et al., 1993; Vet et al., 1995). For example, a female Microplitis croceipes (Hymenoptera:
Braconidae) rarely flies toward odors of its host, Helicoverpa zea (Lepidoptera: Noctuidae), unless
the female had previous antennal contact with host feces (Drost et al., 1986; Lewis & Tumlinson,
1988; Lewis et al., 1991).
Brachymeria intermedia primarily parasitizes pupae of the gypsy moth, Lymantria dispar. In

the laboratory, females live up to 20 weeks (Hosley, 1975). In nature, females overwinter as adults
under shelter (Dowden, 1935; Waldvogel & Brown, 1978; Schaefer, 1993) and parasitize hosts in the
following year (Dowden, 1935). In the laboratory, females lay one egg per pupa, and ca 4 eggs per
day for 2 to 3 weeks (Hosley, 1975; Barbosa et al., 1986; Drost & Carde, 1992a). In nature, female
B. intermedia presumably forage for hosts repeatedly within a day, and for many days. However,

little is known about how they find hosts in their natural habitat. Drost & Carde (1992c)
demonstrated in a simulated field setting that pupal odor, visual cues and learning were involved in
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host location. Female B. intermedia trained for several days to find hosts on either tree models or on
the ground, preferentially ‘searched’ the corresponding habitat on subsequent foraging. In the
absence of pupae wasps did not ‘search.’ Evidently, searching was released by host odor and guided
by visual cues.
Other experiments with B. intermedia showed that, a single exposure to vanilla odor while
parasitizing a host conditioned females to walk toward a vanilla-scented roll of filter paper, drum it
with their antennae, and drill it with their ovipositor (Chapter 3). To examine whether females were
able to locate hosts by flying upwind toward host-associated odors, we attempted to condition
females to fly toward a source of vanilla odor in a wind tunnel. We studied the effect of conditioning
on the propensity to fly upwind and to land on various targets.

Materials and Methods

Pre-flight Conditioning
B. intermedia was reared in the laboratory on gypsy moth pupae reared from eggs. The

colony was maintained at 24 ± 1°C and 60-70 % relative humidity, with a L16:D8 light cycle. Wasps
were collected daily upon emergence and were placed in cages provisioned with water and honey.
Wasps were allowed two days to mate (Dowden, 1935), and starting on the third day post¬
emergence, females were exposed to gypsy moth pupae every day for 4 days. During the 5th hour of
the photophase, groups of 5 females were released in petri dishes, each containing five 3 to 5 day-old
pupae. After one hour, wasps were returned to their cage in a growth chamber devoid of host odor.
When females were exposed to pupae for the last time (6th day post-emergence), petri dishes were
lined with a disk of filter paper (Whatman No. 1) loaded with 50 pi of vanilla food flavoring (non¬
alcoholic solution from Durkee) unless otherwise described.
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Flight
One day after conditioning (7th day post-emergence), wasps were released in a plume of
vanilla odor in a plexiglass wind tunnel (Kuenen & Carde, 1994) of inside dimensions 240 (length) x
100 (width) x 72 cm (height). A fan at one end, pushed air from the room into the tunnel through
several layers of nylon gauze to create a horizontal, non-turbulent air flow (50 cm s'1). At the
opposite end, odor-laden air captured by an exhaust was vented outside the building. The side walls
and floor of the tunnel were lined with white cloth. Red and orange cardboard circles (6.5 cm diam.)
were arranged on the floor in a uniformly random fashion (40 per m2) to provide visual cues,
necessary for the wasps to fly. Light intensity inside the tunnel was 280 lux provided by eight 40 W
DC-mains fluorescent tubes reflecting on the room’s ceiling.

Flight Behavior
This series of experiments was carried out to study whether female B. intermedia would fly
toward vanilla odor.
At the upwind end of the tunnel a glass jar held a strip of filter paper loaded with 100 pi of
the same vanilla food flavoring as used for conditioning the wasps. A pump placed outside the wind
tunnel pushed filtered air into the jar in a continuous flow (40 ml s'1). Vanilla-scented air was
released inside the tunnel in a vertical air jet through the jar’s narrow opening (2 mm diam.). In that
manner, a horizontal plume of vanilla was created 18 cm above the floor. A square piece of plastic (3
x 3 cm) held at the tip of a thin metal rod was positioned perpendicular to the wind direction, 5 cm
downwind of the origin of the plume. The plume visualized with titanium tetrachloride broke off on
this deflector so that we obtained a turbulent plume, ca 4 cm wide and 6 cm high, running along the
midline of the wind tunnel.
Wasps were released individually in the wind tunnel dining the 7th and 9th hour of the
photophase. A small dish (35 x 10 mm) holding a single female was placed on a horizontal platform
in the plume of vanilla odor, 90 cm downwind of the deflector. The dish cover was removed and the
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wasp was observed until she took off and landed or until 4 minutes had elapsed. For each wasp we
recorded the latency of take off and scored the result of the test as follows:
-Complete oriented flight (COF): the wasp flew upwind in the plume and reached the
deflector,
-Incomplete oriented flight (IOF): if the wasp flew upwind in the plume initially, but did
not reach the deflector,
-Non oriented flight (NOF): the wasp did not fly upwind in the plume,
-No flight (NO): the wasp did not take off within 4 minutes.
In the first experiment, wasps were released three times in succession. In all other
experiments, wasps were released once only.

Three sets of treatments were compared:
First experiment:
-V+: wasps were exposed to vanilla odor while they were parasitizing gypsy moth pupae the
day before the test, as described in the pre-flight conditioning section,
-V-: wasps were not exposed to vanilla odor while parasitizing pupae.
Second experiment:
-Paired: wasps were exposed to vanilla odor for one hour while they were parasitizing
gypsy moth pupae as described previously,
-Unpaired: wasps parasitized pupae for one hour in the absence of vanilla odor. Then, they
were exposed to vanilla odor for one hour.
Third experiment:
All wasps were conditioned to vanillin (4-Hydroxy-3-methoxybenzaldehyde), the major
component of vanilla. Vanillin solution at 6.25 g. I'1 in water was prepared from 97% pure
vanillin (Aldrich Chem. Co.), and 50 pi of this solution were pipetted on the disk of filter
paper lining the dish during the pre-flight conditioning phase (312 pg per dish). We then
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compared the flight behavior of wasps toward 4 doses of vanillin: 0.6, 6.25, 62.5, and 625
H-g (in 100 gil of serial dilutions of vanillin solution pipetted on a strip of filter paper as
described earlier).
In all experiments, equal numbers of wasps were released to each dose each day. Numbers
varied among days.

Landing Behavior
In this series of experiments we studied the landing response of wasps to various ‘targets’
located on a tree model. We used vanilla, to which all females were conditioned, to induce wasps to
fly toward the tree model bearing the targets.
The jar containing the source of vanilla odor (100 p.1 of food flavoring on a strip of filter
paper) was placed inside a white hollow plastic cylinder (60 x 11.5 cm) placed at the upwind end of
the wind tunnel. The scented air emerged in the tunnel from a 1.5 cm hole on the side of the
cylinder, 15 cm above the floor level. Because of turbulence created by the cylinder, upwind swirls
formed on the lee side of the cylinder, and we obtained a wide, turbulent plume running along the
mid line of the tunnel. The various targets to be tested were suspended on a hook attached on the
downwind side of the cylinder, above the plume of vanilla, 27 cm above the floor level.
Wasps were released in the plume as described previously. Wasps were allowed to fly
upwind in the plume until they came ca 10 cm downwind of the tree model. Then, the pump was
tinned off to stop the release of vanilla odor and we recorded the wasps’ behavior. Results were
scored as follows:
-Drum: the wasp landed on or near the target and drummed its surface with her antennae,
-Land: the wasp landed on the target and left,
-Hover: the wasps hovered in front of the target and landed elsewhere,
-Not on target: the wasp landed anywhere but on the target and did not hover.
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Three sets of targets were compared:
First experiment, to examine the role of volatile chemical cues in the landing response:

-Pupa: a 3 to 5 day-old gypsy moth pupa,
-Vanilla: a disk of filter paper rolled into the shape of a pupa and loaded with 50 jal of
vanilla food flavoring.
Second experiment, to examine the role of volatile and non-volatile chemical cues in the landing
response, in the absence of visual cue:

-Vanilla: a roll of filter paper loaded with 50 gtl of vanilla food flavoring,
-Kairomone: a roll of filter paper loaded with 1 pupal equivalent of cuticular kairomone of
gypsy moth pupae. Kairomone extract was obtained by washing two hundred 3 to 5 day-old
male pupae in 50 ml of hexane for 5 minutes,
-Van/kair: a roll of filter paper loaded with both 50 p.1 of vanilla and 1 pupa equivalent of
kairomone.
Third experiment, to examine the role of visual and chemical cues in the landing response:

-Exuvium: a pupal case from which a gypsy moth had emerged,
-Vanilla: a roll of filter paper loaded with 50 p.1 of vanilla food flavoring,
-Ex/van: a pupal case from which a gypsy moth had emerged and sprinkled with 50 \xl of
vanilla food flavoring.
In all experiments, equal numbers of wasps were released toward each target each day.
Numbers varied among days.

Statistical Analysis
Because latency of take off was not normally distributed, it was compared among treatments
by means of a Kruskall-Wallis test (Wilcoxon rank test in case of 2 treatments). Percentages of
wasps in the various behavioral categories were compared among treatments with a Chi square test.
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The dose response curve was analyzed with a logistic regression to express the percentage of wasps
flying in the plume as a function of the dose of vanillin.

Results

Flight Behavior
Results of the first experiment showed that female B. intermedia could be conditioned to fly
toward a source of vanilla odor (Figure 4.1a, Page 44). Only 2 of 28 wasps with no previous
exposure to vanilla odor (8%) flew upwind in the plume of vanilla in their first trial, and one wasp
reached the source. In contrast, 19 of 28 wasps previously exposed to vanilla (68%) flew upwind in
the plume of vanilla in their first trial. Of those, all but one reached the source. When wasps were
given three trials 4 of 28 wasps in the V- group, and 20 of 28 wasps in the V+ group flew upwind in
the plume of vanilla (Figure 4. lb, Page 44).
Results of the second experiment indicated that for conditioning to occur, previous exposure
to vanilla had to be simultaneous with the wasps parasitization of gypsy moth pupae (Figure 4.1c,
Page 44). Of the wasps in the Paired group, 60% flew upwind in the plume (N= 28), whereas only
15% in the Unpaired group did so (N= 28). Furthermore, most of the wasps of the Paired group
which flew upwind in the plume reached the source (11 of 17), but only 1 of 4 wasps of the
Unpaired group reached the source. In addition, more wasps of the Unpaired group did not take off
during the test (6 vs. 0). Latency of take off was similar between treatments in both experiments.
Median latencies were 56.5 and 57 s in the V- and V+ groups, respectively (p= 0.85), and 38.5 and
55.5 s in the Paired and Unpaired groups, respectively (p= 0.31).
The proportion of wasps flying toward vanillin increased from 10 to 45%, from the lowest
to the highest dose of vanillin tested (Figure 4.2, Page 45). This proportion (p) can be expressed as a

43

a-

v-

v+

Paired

Unpaired

b-

100
80 .
I

60 .

£

40 .

c

20 .
0 l—L

5B

%
£

^

100
80
60
40
20
0

.
.
.
.

.
.

Treatment

Figure 4.1. Behavior of female B. intermedia released in a plume of vanilla odor in the wind tunnel.
NO: no flight, NOF: non-oriented flight, IOF: incomplete oriented flight, and COF: complete
oriented flight, a: results for wasps released 3 times 24 h after exposure to hosts only (V-, N=28), or
exposure to vanilla and hosts (V+, N=28). b: same as a but results of the first release, c: results of the
first release for wasps previously exposed to vanilla odor and hosts simultaneously (Paired, N=28),
and for wasps previously exposed to vanilla odor after exposure to hosts (Unpaired, N=28).
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Figure 4.2. Dose-response curve of female B. intermedia released in a plume of vanillin, 24 h after
conditioning. The dashed line represents the fitted regression curve. N= 29 for each dose.
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function of the dose of vanillin (x), as follows: p =-~18+0 6jc , where both coefficients of the

logistic regression are significantly different from zero (p< 0.01). Thus, wasps conditioned to food
flavoring flew toward vanillin in dose-dependent manner.

Landing Behavior
In the first experiment, wasps’ behavior differed according to the target placed on the tree
model (p< 0.01, df= 3), (Figure 4.3a, Page 47). Most wasps did not approach the target, irrespective
of the type of target (58 and 71% , N= 38 and 35 with the pupa and the roll, respectively). However,
those wasps which reached the pupa either hovered in front of it (21%) or landed and drummed its
surface with their antennae (21%). All the wasps which drummed the pupa landed on the tree next to
the pupa and then climbed on the pupa. Wasps which reached the vanilla-scented roll mostly landed
directly on the roll without drumming (20%), and only few wasps hovered or drummed on the roll (3
and 6 % respectively).
In the second experiment, in which wasps were presented with rolls with three different
types of chemical stimuli, results differed markedly among treatments (p= 0.06, df= 4), (Figure 4.3b,
Page 47). Half of the wasps presented with a vanilla-scented roll did not reach the roll (N= 24). Of
the 12 wasps which reached the roll, 10 landed on it without drumming and 2 drummed the roll.
With the roll with gypsy moth kairomone and the roll with kairomone and vanilla, 82% and 70% did
not reach the roll (N= 23). Similar numbers of wasps landed on the rolls with and without drumming
(2 and 2, respectively, on the roll with kairomone, and 3 and 4, respectively, on the roll with vanilla).
In the third experiment, in which wasps were presented targets providing controlled visual
and chemical stimuli, results were significantly different among targets (p< 0.001, df= 6), (Figure
4.3c, Page 47). More wasps failed to reach the vanilla-scented roll (85%, N= 20) than the exuvium
(45%, N= 20) or the vanilla-scented exuvium (32%, N= 19). All the wasps reaching the vanillascented roll landed on it (15% overall). A similar proportion of wasps landed on the vanilla-scented
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Figure 4.3. Behavior of female B. intermedia conditioned to vanilla odor, flying in a wind tunnel and
reaching various ‘targets’ suspended to a vertical cylinder, not: wasps did not approach the target,
hover: wasps hovered in front of the target, land: wasps landed on or near the target and left, drum:
wasps landed on or near the target and drummed its surface with their antennae. Targets were either
a healthy pupa (pupa), a roll of filter paper charged with 50 pi of vanilla food flavoring (vanilla), a
roll charged with 1 pupa equivalent of kairomone extract (kairomone), a roll charged with both
vanilla and kairomone extract (van/kair), an empty pupal case (exuvium) or an exuvium charged
with 50 pi of vanilla (ex/van). Sample sizes were 38 and 35, respectively (a), 24, 22 and 23,
respectively (b), and 20, 19 and 20, respectively (c).

47

exuvium (21%) but then, an additional 26% landed and drummed on it and 21% hovered without
landing. In contrast, all the wasps landing on the non-scented exuvium drummed its surface (50%)
and only one wasp (5%) hovered without landing.

Discussion
A single exposure to vanilla odor synchronized with oviposition conditions female B.
intermedia to mount, drum the surface and drill into a roll of filter paper scented with vanilla

(Chapter 3). Likewise, female B. intermedia are readily conditioned to fly toward a source of vanilla
odor. Very few wasps flew toward vanilla unless they had a previous experience with that scent, and
conditioning occurred only when exposure to vanilla was synchronized with parasitization. Thus,
conditioning was an associative process rather than a generalized increase in responsiveness
(sensitization). Wasps associated vanilla odor with the presence of hosts, so that the vanilla odor later
evoked oriented flight in females.
Learning was very effective as it occurred through a single experience, and wasps flew
toward the source of odor upon their first exposure to the odor after conditioning. Other parasitoids
also learned odors through a single experience; however, those females had no experience with hosts
or host material before conditioning (Drost et al. 1986, 1988; Turlings et al., 1989, 1990; DeJong &
Kaiser, 1991; Kaiser & DeJong, 1995; Zanen & Carde, 1991). In our experiments, wasps had
repeated oviposition experiences on their host before conditioning. Yet, this did not hamper learning
of a novel odor. Furthermore, previous experiments indicated that female B. intermedia learned to
recognize the odor of their host during their first oviposition (Chapters 1 & 2). Thus, vanilla was the
second odor learned by wasps. This shows that learning was not a form of imprinting whereby wasps
would be limited to learning the first odor to which they were exposed. Instead, wasps were able to
learn additional odors. Likewise, female Leptopilina boulardi (Hymenoptera: Eucoilidae) can learn
two odors successively (banana and strawberry) in association with oviposition, and they later walk
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toward both odors (DeJong & Kaiser, 1992; Kaiser & DeJong, 1993). However, we did not check
whether female B. intermedia conditioned to vanilla would fly toward pupal odor. Pupae may emit
little odor, because selection pressure on pupae should lead toward minimizing the production of
chemicals that facilitate enemies finding them, which may explain why only a small proportion of
wasps fly toward pupal odor (Chapter 5). Thus, during conditioning, the strong smell of vanilla might
prevail over the light pupal odor so that wasps may learn vanilla instead of pupal odor.
It is not clear how female B. intermedia locate pupae in nature. In a wind tunnel, females
can fly along a chemical trail and reach its origin whether the volatile chemicals come from the host
(cuticular kairomone) or its surroundings (e.g., vanilla) (Chapter 5). However, Drost & Carde
(1992c) demonstrated that females could learn to forage in different microhabitats (leaf litter vs.
trees) based on visual cues only, although host odor was necessary to evoke foraging. In our
experiments, when wasps reached the tree model and lost the vanilla plume, most of them did not
reach the target located only 10 cm higher on the tree, except when the target was very visible (dark
brown pupa or exuvium on the white cylinder.) Therefore visual cues also allowed foraging wasps to
find a potential host within its habitat. It is possible that wasps learned these visual cues earlier while
parasitizing pupae. Wackers & Lewis (1994) showed that female M. croceipes (Hymenoptera:
Braconidae) can learn to land on different visual targets associated with host presence.
Chemical cues played a critical role in the landing behavior of wasps. Conditioned wasps
appeared to rely strongly on vanilla. Every wasp (except one) reaching a vanilla-scented roll, landed
directly on the roll, even though very few proceeded with antennating the roll. Wasps also landed on
or near odor-free targets (exuviae, kairomone roll). On the contrary, half the conditioned wasps
reaching healthy pupae did not land on them, but instead hovered in front of them. Presumably these
wasps ‘rejected’ these pupae because they released an odor (cuticular kairomone) different from the
odor they were conditioned to (vanilla). This behavior is puzzling, because it is usually assumed that
learning of a novel odor by female parasitoids enhances their foraging success by leading females to
favorable sites where they find and parasitize hosts (Papaj & Vet, 1990; Vet & Dicke, 1992).
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However, this conclusion was reached indirectly from observing that conditioned wasps were
attracted to the conditioned odor. Our present results indicate that, at least in some instances,
increased foraging success does not ensue, as conditioned wasp may fail to land and parasitize hosts
they located.
None of the wasps which landed on the vanilla-scented roll attempted to drill the roll with
their ovipositor. In earlier conditioning experiments (Chapter 3) we observed that most of the wasps
conditioned to vanilla and later released near a vanilla-scented roll drummed its surface, and many
drilled the roll. In those experiments wasps did not have to find the roll but rather were released near
it. The conditioning procedure was also different in that vanilla odor was present only when wasps
were on a pupa. Those results indicated that wasps associated the presence of vanilla with the act of
oviposition, so that vanilla later triggered oviposition attempts. In the present experiments, the
presence of vanilla odor may have been associated with the presence of host rather than with
oviposition, so that vanilla evoked host seeking-behaviors (flight, landing) rather than host
acceptance behavior (oviposition attempt). It is not clear, however, why so few wasps drummed or
drilled the vanilla-scented roll loaded with kairomone extract since then, both a stimulus indicating
host presence (vanilla) and a host examination stimulus (kairomone) were present.
Paradoxically, drumming and drilling in the target were observed most with the unscented
exuvium (Experiment 3). Half of the wasps released (10) landed and drummed the pupal case.
However, when conditioned wasps were released in an open petri dish containing an exuvium, they
left the dish without approaching it (unpublished data). Apparently, wasps which flew in the plume
of vanilla were in an ‘aroused’ state so that they responded in a different maimer to the same
stimulus, namely the sight of a pupal case. Once wasps were on the exuvium, they drummed its
surface, presumably in response to traces of non-volatile cuticular kairomones. When vanilla was
added to a pupal case, the wasps’ behavior was the most variable. Approximately the same number
of wasps hovered like in front of a pupa, landed and did not drum like on a vanilla roll, or landed and
drummed the exuvium like on an unscented exuvium. Therefore, contrary to the results of Wackers
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and Lewis (1994), stimuli in this system, seemed to have antagonistic rather than additive effects on
the wasps.
The value of learning in B. intermedia remains unclear. In the field, gypsy moth pupae
occur simultaneously in the leaf litter, on tree trunks, and on foliage of various tree species. Thus,
pupae do not seem to be associated consistently with a characteristic odor which wasps might learn.
Learning then, might be involved in the location of alternate hosts rather than the location of the

\

primary host. When gypsy moth pupae are not available, B. intermedia are assumed to parasitize
pupae of other lepidopteran species (c/ Kerguelen & Carde, 1995). Possibly wasps could find these
other species by learning their odor or the odor of their habitat during a fortuitous first encounter.
This opportunistic behavior implies that wasps should be able to learn diverse odors; however,
attempts to condition wasps to other chemicals failed. Wasps could not be conditioned to fly toward
almond (benzaldehyde) or peppermint extract (menthol) odors, and both conditioned and
unconditioned wasps flew toward linanool (dl-3,7-Dimethyl-3-hydroxy-l,6-octadiene) a common
component of flower fragrance (unpublished data). Although only a few odors were tested, these
results suggest that vanilla may have unique properties. Other parasitoids also have been readily
conditioned to vanilla (Lewis & Takasu, 1990; Grasswitz & Paine, 1993). This scent has been used
as a model in laboratory experiments, because it is assumed to be ecologically irrelevant for these
parasitoids. Thus, wasps are not expected to have innate behavioral or physiological responses to it.
However, vanillin is not solely found in vanilla. It is a component of male sex pheromone in some
insects (Ubik et al., 1975; Vrkoc et al., 1977; Zagatti et al., 1981). Precursors of vanillin are also
abundant in lignin, and eugenol, another precursor, is released by some plants. Thus, vanillin or
related compounds may be biologically meaningful to the wasps, and the behaviors we observed may
be responses somewhat specific to that chemical. Yet, compounds chemically related to vanillin and
ecologically relevant for B. intermedia during host foraging remain to be identified.
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CHAPTER 5
MANEUVERS OF FEMALE BRA CHYMERIA INTERMEDIA
FLYING TOWARD HOST-RELATED ODORS IN A WIND TUNNEL

Introduction

Parasitoid wasps foraging for hosts commonly are guided by olfactory cues. Thus, chemical
signals released by hosts as well as by the host’s habitat, host-associated microorganisms, and host
products all may facilitate the location of potential hosts (Vinson, 1984, 1991). The study of the
behavior of parasitoids flying toward odor sources has focused on establishing the ‘attractiveness’ of
various chemicals (Lewis et al., 1976; Jones, 1981; Weseloh, 1981) and studying plasticity of wasps’
behavioral reactions to them (Vet & Dicke, 1992; Vet et al., 1995). Little is known of the orientation
mechanisms used by wasps to fly along an odor plume and locate its source.
In contrast, the mechanisms used by male moths flying along plumes of sex pheromones
toward females are well studied. Typically, male moths fly in a zigzag pattern toward the source of a
pheromone plume. Two mechanisms are believed to be responsible for these tracks. In response to
pheromone, moths fly upwind using visual cues to control their course and speed (optomotor
anemotaxis) (Marsh et al., 1978; Kuenen & Baker, 1982a; Baker et al., 1984), while repeatedly
reversing their course (internal countertuming program) (Kennedy et al., 1980; Kennedy et al., 1981;
Baker & Kuenen, 1982; Kuenen & Baker, 1983). When moths ‘lose’ the plume, they switch to
casting, a wide cross-wind flight, typically without upwind or downwind displacement (see Kennedy,
1983; Baker, 1989, Kuenen & Carde, 1994).
Flight maneuvers of female parasitoids described so far have showed both similarities and
dissimilarities with maneuvers of moths. Zigzag flight has been described in parasitoids, but it is not
as prevalent as it is in moths. Zigzagging was observed either as an initial flight phase followed by
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straight flight in Microplitis croceipes (Drost et al., 1986; Zanen et al., 1989) and Campoletis
sonorensis (Baehrecke et al., 1990), or as a facultative flight pattern in Cotesia rubecula, some

individuals flying straight tracks, others flying tracks with irregular patterns (Kaiser et al.. 1994).
When female M. croceipes ‘lost’ the plume, they switched to either casting or downwind loops
(Zanen et al., 1989).
Brachymeria intermedia is a solitary endoparasitoid of gypsy moth pupae, Lymantria dispar.

In captivity, B. intermedia will parasitize pupae of numerous lepidopteran species, and even some
dipterans and hymenopterans (Dowden, 1935), but in North America, nearly all field records are
from gypsy moth pupae. In the laboratory, mature females can be conditioned to fly in a wind tunnel
towards the scent of vanilla (Chapter 4). In this study we examined maneuvers of conditioned female
B. intermedia flying toward a source of vanilla odor, and compared these maneuvers to those of male

moths flying toward female sex pheromones.

Materials and Methods

Wind Tunnel
The plexiglas tunnel of dimensions 240 cm long x 100 cm wide x 72 cm high was described
by Kuenen & Carde (1994). A fan pushed air through several layers of fine mesh fabric to create a
non-turbulent air flow (50 cm s'1) through the tunnel. At the downwind end, odor-laden air was
exhausted outside of the building. The side walls as well as the floor of the tunnel were lined with
white cloth. On the floor, dark red and bright orange cardboard circles (65 mm diameter) were
arranged in a uniformly randomized fashion (40 per m2) to provide visual cues to flying insects
(wasps did not fly in the absence of floor pattern). Light intensity inside the tunnel was 280 lux
provided by eight 40 W DC fluorescent tubes reflecting on the room’s ceiling. Temperature was
maintained at 26 ± 1°C. A Sony RSC 1050 rotary-shutter video camera, was positioned above the
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tunnel to record flying wasps. The camera was fitted with a wide angle lens providing a 117 x 83 cm
field of view. To provide reference points on the video images, two threads were stretched across the
floor of the tunnel 80 cm apart.

Odor Delivery Device
A pump pushed filtered air drawn from the room into a glass jar (10 x 5 cm) placed at the
upwind end of the wind tunnel’s floor, equidistant from the side walls. Air was delivered vertically
into the tunnel from the narrow opening (2 mm) of the jar’s nozzle in a continuous jet (40 ml s'1), 18
cm above the floor level. The air jet was odorized by placing an odor source inside the jar (see
details of experiments below). A deflector made of a 3 x 3 cm square of clear plastic held a the top
of a thin metal rod (2 mm diam.) was placed 5 cm downwind of the nozzle, on the upwind-most
reference line on the floor. This produced a turbulent plume ca 4 cm wide and 6 cm high running
along the midline of the wind tunnel as visualized with titanium tetrachloride.

Insects
A colony of B. intermedia was reared on gypsy moth pupae, at 25°C and 60-70% relative
humidity with a L16:D8 photoperiod. Three days after emergence, females from the main colony to
be used in the experiments were placed into cages (25 x 25 x 25 cm) provisioned with water and
honey, and placed in an odor-free growth chamber under the same environmental conditions. These
wasps had no oviposition experience and were assumed to be mated, as mating occurs during the first
two days following emergence (Dowden, 1935). From the day of collection through the 6th day
following emergence (i.e. for 4 days), females were exposed daily to gypsy moth pupae during the
5th hour of the photophase. Petri dishes (60 x 15 mm) held five females and five 3 to 5 day-old male
pupae. After one hour, wasps were returned to the cage in the growth chamber. All wasps except
0

wasps to be released in gypsy moth pupal odor were conditioned to vanilla. To condition the wasps,
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on the last day of exposure to pupae (6th day post emergence), petri dishes were lined with filter
paper charged 2 min earlier with 50 pi of vanilla food flavoring (Chapter 4).

Release Procedure
On day 7 post-emergence, females were released individually in the wind tunnel between
the 7th and 9th hour of photophase. A wasp was transferred from the cage to a small dish (35 x 10
mm), which was then placed on a horizontal platform standing in the odor plume, 90 cm downwind
of the deflector. The dish cover was removed and the wasp observed until she took off and landed, or
until 4 min had elapsed. Wasps were released only once.

Flight Track Analysis
Only tracks of those wasps which reached the deflector were analyzed. The part of tracks
comprised between 80 cm and 10 cm downwind of the deflector were digitized using the computer
program described by Zanen & Carde (1996) to obtain the (x, y) coordinates of a wasp’s location
every 1/30 s. The track vector (vector between consecutive locations) and course vector (vector
steered by the wasp) at every location along the track was constructed according to the triangle of
velocities method (Marsh et al., 1978, see Figure 5.1, Page 56). The corresponding ground speed
(speed along the track vector), airspeed (speed along the course vector), track angle (deviation of the
track vector relative to the wind direction), course angle (deviation of the course vector relative to
the wind direction), and drift angle (deviation of the track vector relative to the course vector) were
also computed. These values were averaged for each track and then compared between treatments by
means of a t-test or a Wilcoxon test if data were not normally distributed (as established with the
Shapiro-Wilk test, a= 0.05). We also computed the width (difference between the farthest locations
right and left of the midline) and length of the tracks (sum of all track vectors). The same statistical
tests were used for comparison of means between treatments (t-test or Wilcoxon test).
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wind
t+1

Figure 5.1. Construction of the triangle of velocities between consecutive points of a track (t, t+1)
(after Marsh et al., 1978). Thick arrows indicate known vectors (track, wind). The broken arrow
indicates the inferred vector (course). Arcs indicate course (y), drift (5), and track (x) angles.
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Flight to Vanilla and Host Odor Sources
Female B. intermedia were released either in volatile chemicals released by gypsy moth
pupae or in vanilla odor. Gypsy moth odor was provided by 30 three to five day-old male gypsy
moth pupae. The source of vanilla odor was 50 ml of vanilla food flavoring loaded on a piece of
filter paper (Whatman No.l, 45 x 5 mm) and replaced every 30 min. Twenty-two tracks to both
gypsy moth pupae and vanilla were recorded and analyzed. Because both odors were not tested on
the same days, we did not test for statistical significance of differences between treatments.

Flight Along Ribbon and Turbulent Plumes
Two plumes of vanilla odor differing both in size and internal structure were created on the
model of the plumes used by Mafra-Neto & Carde (1995a). A narrow ribbon plume was created with
20 (0.1 of vanilla food flavoring loaded on a small disk of filter paper (Whatman No. 1, 0.7 cm
diameter) held horizontally, 18 cm above the floor level, on an insect pin at the tip a of thin metal
rod. The resultant plume, visualized by applying titanium tetrachloride to a similar disk of filter
paper, was a thin and narrow continuous ribbon (ca 0.1 x 0.8 cm) running straight along the midline
of the tunnel and only breaking up approaching the take-off platform. A wide turbulent plume was
created by placing a deflector 5 cm downwind of the disk of filter paper. The resultant plume
visualized with titanium tetrachloride was made of discrete ‘packets’ of irregular size and shape
contained in a ca 6 cm high and 4 cm wide time-averaged plume running along the midline of the
wind tunnel. The same number of wasps was released alternately in each plume type, and we
obtained 20 and 27 tracks in the ribbon and turbulent plumes, respectively.

Flight Following Plume Loss
Wasps were observed when the plume they initially were flying along was removed. A
turbulent plume of vanilla odor was generated as described in the previous experiment. To avoid the
odor delivery device and deflector becoming a visual ‘target’ to wasps after plume removal, an
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additional deflector was positioned 20 cm to the left and to the right of the middle deflector,
providing an array of evenly-spaced vertical visual cues to the wasps. The reference lines on the
floor were set at 24 and 104 cm, and the take-off platform at 156 cm downwind of the deflector. Two
additional lines were positioned at 64 and 84 cm downwind of the deflector. When wasps flying
upwind along the plume reached the 84 cm reference line, we turned off the pump releasing vanillascented air in the tunnel, and simultaneously switched off a dim light placed at the downwind left
comer of the field of view. This allowed us to determine in the video recordings when each wasp
came out of the plume in the upwind direction (ignoring lateral excursions out of the plume),
considering both her upwind progress and the estimated concurrent downwind progress of the
plume’s tail. For each wasp we then digitized two tracks. One track, from 104 cm downwind of the
deflector to the last location before coming out of the plume and a second track, from the first
location out of the plume to the last location before exiting the field of view. For each wasp tested in
these conditions, another wasp was allowed to fly along the length of the tunnel without plume
removal. Each control wasp was paired with a wasp tested with the plume removed. To obtain a
comparable pair of tracks, its digitized track was then cut at the same location as was the track of the
paired wasp. Track parameters were then compared between treatments separately for the tracks
‘before’ and ‘after’ plume removal by means of a paired t-test or a Wilcoxon sign rank test if data
were not normally distributed. Only tracks of wasps reaching the 64 cm line (the farthest estimated
location where wasps would still be flying in the plume) were digitized, 16 pairs in each treatment.

Results

Flight to Vanilla and Host Odor Sources
Wasps released in vanilla odor were more likely to locate the odor source (37%, N= 59)
than wasps released in gypsy moth odor (18%, N= 132). However, wasps flew in a similar fashion
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along the two plume types. The averages of ground speed and airspeed along the plume of pupal
odor were 39 and 80 cm s'1, respectively (N= 22), and along the plume of vanilla odor, 32 and 77 cm
s1, respectively (N= 22). Tracks differed substantially among individuals along both plumes,
typically resembling narrow serpentines, sometimes interspersed with transient bouts of more
complex convolutions (Figure 5.2, Page 60). On average, tracks were 118 cm long and 19 cm wide
along the plume of pupal odor and 119 cm long and 17 cm wide along the plume of vanilla odor. The
frequency distributions of track, course, and drift angles along these tracks (Figure 5.3, Page 61)
were essentially symmetrical around 0°, the upwind direction. Course angles were very clustered
around the upwind direction, with very few greater than 40°. Drift and track angles were more
widely spread around the upwind direction.

Flight Along Ribbon and Turbulent Plumes
A few more wasps reached the odor source along the turbulent plume (31%, N= 117) than
along the ribbon plume (23%, N= 117); however, this difference was not statistically significant (x2,
p= 0.18, df= 1). Ground speeds were similar along both plumes, 30 and 32 cm s'1 on average along
the ribbon and turbulent plumes, respectively (N= 20 and 27, respectively, Wilcoxon test, p= 0.11)
(Figure 5.4b, Page 62). However, their airspeed was faster along the turbulent plume (78 cm s'1 on
average) than along the ribbon plume (73 cm s'1 on average, Wilcoxon test, p> 0.01). Tracks were
significantly longer and wider along the ribbon plume (179 x 32 cm on average) than along the
turbulent plume (129 x 17 cm on average), Wilcoxon test, p= 0.02 and p> 0.01, respectively (Figure
5.4c, Page 62). Also, all average angles were significantly wider along the ribbon plume (Figure
5.4a, Page 62). Course angles averaged 16 and 13° along the ribbon plume and turbulent plume,
respectively, p= 0.01 (t-test). Drift angles averaged 38 and 31°, respectively, p= 0.02 (t-test), and
track angles averaged 56 and 46°, respectively, p= 0.02 (t-test). Distributions of angles, however,
0

were similar (Figure 5.5, Page 63). Course angles were narrowly grouped around 0°, whereas drift
and track angles were more broadly distributed.
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Figure 5.2. Two randomly chosen tracks, as seen from above, of female B. intermedia flying upwind
along a wide turbulent plume of gypsy moth pupae odor (a) and vanilla odor (b). Dots indicate the
wasp’s position every 1/30 s.
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Figure 5.3. Frequency distributions of all track (a), course (b), and drift angles (c) of female B.
intermedia flying upwind along a wide turbulent plume of gypsy moth pupae odor (left, 22 tracks,
2321 vectors) and vanilla odor (right, 22 tracks, 2775 vectors). Abscises: angles in degrees,
ordinates: frequency.
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Figure 5.4. Mean and standard error of average track parameters (angles (a), velocities (b), w idth and
length (c)) of female B. intermedia flying along a narrow ribbon plume (N= 20) and a wide turbulent
plume of vanilla (N= 27). Stars indicate significant differences between plume types (a= 0.05).
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b- Course angles

c- Drift angles

Figure 5.5. Frequency distributions of all track (a), course (b), and drift angles (c) of female B.
intermedia flying upwind along a narrow ribbon plume (left, 20 tracks, 4001 vectors) and a wide
turbulent plume of vanilla (right, 27 tracks, 3711 vectors). Abscises: angles in degrees, ordinates:
frequency.
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Data were then reanalyzed, separating tracks of wasps which flew essentially within the
plume s time-averaged boundaries, from tracks of wasps which had prolonged excursions out of the
plume. A prolonged excursion was any part of a track further than 7.5 cm to the right or left of the
plume’s long axis for more than 15 consecutive points (0.5 s) (Figure 5.6, Page 65). More wasps,
74%, flew without excursions along the turbulent plume than along the ribbon plume, 45%, (y2, df=
1, p= 0.04). However, only width of tracks with excursions differed significantly between plumes
(Wilcoxon test, p> 0.01), tracks along the ribbon plume being wider (48 cm on average, N= 11) than
tracks along the turbulent plume (29 cm on average, N= 7) (Figure 5.7, Page 66).

Flight Following Plume Loss
Similar proportions of wasps released in each treatment, 39 and 32% (N= 66), flew upwind
along the plume past the 64 cm line. When odor was released continuously, 76% of these wasps
(N=21) reached the middle deflector, but only 27% (N= 26) reached the deflector when the odor
source was switched off. Upon plume loss, half of the wasps continued to fly upwind. The others
drifted sideways and flew in an irregular pattern, progressing upwind and downwind alternately,
repeatedly crossing their previous path. These horizontal movements were accompanied by vertical
movements. Eventually many wasps turned around and flew downwind (Figure 5.8, Page 67).
Before plume removal, mean parameters were similar for tracks of both treatments (Figure
5.9, Page 68). Mean ground speeds were 34 and 38 cm s'1, while mean airspeeds were 72 and 77 cm
s'1 (paired t-test, p= 0.33 and 0.31, respectively, N= 16). Mean course, drift, and track angles were
respectively, 17 and 17°, 32 and 29° (paired t-test, p= 0.49), and 51 and 46° (paired t-test, p= 0.41).
Track length and width were respectively, 108 and 137 cm, and 17 and 18 cm (Wilcoxon sign rank
test, p= 0.98 and 0.78, respectively).
In contrast, after plume removal all mean parameters except ground speed differed between
treatments (Figure 5.9, Page 68). Although wasps flew at similar speeds along tracks along the plume
and after its removal, 36 and 31 cm s-1 (paired t-test, p= 0. 15), they flew at faster airspeed along the
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Figure 5.6. Four randomly chosen tracks, as seen from above, of female B. intermedia flying without
(a, b) and with prolonged excursion out of the plume (c, d) along a narrow ribbon plume (left) and a
wide turbulent plume of vanilla (right). See text for details.
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Figure 5.7. Mean and standard error of average track parameters (angles (a), velocities (b), width and
length (c)) of female B. intermedia flying without (left) and with prolonged excursions out of the
plume (right) along a narrow ribbon plume (N= 9 and 20, respectively) and a wide turbulent plume
of vanilla (N= 11 and 7, respectively). Stars indicate significant differences between plume types (a=
0.05).
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Before plume removal

After plume removal

Figure 5.8. Randomly chosen pair of tracks, as seen from above, of female B. intermedia flying
upwind along an interrupted (top) and continuous (bottom) wide turbulent plume of vanilla. See text
for details.
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Figure 5.9. Mean and standard error of average track parameters (angles (a), velocities (b), width and
length (c)) of female B. intermedia flying along an interrupted (N= 16) and continuous (N= 16)
plume of vanilla, ‘before’ and ‘after’ plume removal. Stars indicate significant differences between
plume types (a= 0.05).
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plume, 75 cm s'1, than after its removal, 61 cm s'1 (paired t-test, p> O.Ol). Wasps flying along the
plume steered narrower course angles (18 vs. 23°) and drifted less (30 vs. 49°) than wasps flying in
the absence of plume (Wilcoxon sign rank test, p= 0.04 and paired t-test, p> 0.01). Mean track angles
also were smaller for wasps flying along the plume, than for wasps flying in the absence of plume,
48 vs. 75°, (paired t-test, p> 0.01). Accordingly, distributions of these angles were wider for wasps
flying in the absence of plume; track angles were almost evenly distributed across the entire range of
angles whereas the distribution of drift angles was slightly bimodal (Figure 5.10, Page 70). Finally,
tracks of wasps flying in the absence of plume were significantly longer and wider on average, 251 x
43 cm, than tracks of wasps flying along the plume, 86 x 16 cm, (Wilcoxon sign rank test, p> 0.01
for both length and width).

Discussion

Vanilla odor proved to be very useful for studying flight maneuvers because the proportion
of conditioned wasps flying along the plume of vanilla was much higher than the proportion of
unconditioned wasps flying along the plume of host odor. Furthermore, there was no evidence of
differences in flight behavior along these plumes. Tracks of female B. intermedia flying upwind
along a turbulent plume of either host or vanilla odor appeared generally comparable to ‘typical’
tracks of male moths flying towards a source of sex pheromone: both consist of an upwind
succession of countertums executed roughly within the plume’s boundaries. However, beyond this
similarity, flight maneuvers of these wasps and male moths differ markedly.
Female B. intermedia maintained a remarkably constant average ground speed in these
experiments (30 to 39 cm s'1). Wasps flew at the same ground speed along host and vanilla odors,
along narrow ribbon plumes and wide turbulent plumes, and before and after plume removal. In other
parasitoid wasps, ground speed also was unaffected by odor concentration (Drost et al., 1986; Zanen
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Figure 5.10. Frequency distributions of all track (a), course (b), and drift angles (c) of female B.
intermedia flying upwind along an interrupted wide turbulent plume of vanilla, before (left, 16
tracks, 1306 vectors) and after plume removal (right, 16 tracks, 4530 vectors). Abscises: angles in
degrees, ordinates: frequency.
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et al., 1989; Kaiser et al., 1994) and wind speed (Zanen et al., 1989; Zanen & Carde, 1996). Average

ground speed of male moths also remained relatively constant in various wind speeds (Marsh et al
1978; Carde & Hagaman, 1979; Kuenen & Baker, 1982a; Sanders, 1985; Willis & Carde, 1990).
Maintaining relatively constant ground speeds while in flight is achieved through visual feedback,
whereby flying insects keep the average velocity of image motion constant, although the mechanisms
involved are not fully understood (David, 1986; Arbas et al., 1993). However, in male moths, ground
speed typically decreases as pheromone concentration increases (Carde & Hagaman, 1979; Sanders
et al., 1981; Kuenen & Baker, 1982b; Charlton et al., 1993; Kuenen & Carde, 1994). In the almond

moth, Cadra cautella, ground speed decreases as the volume of the plume or the frequency of
pheromone pulses in the plume decreases (Mafra-Neto & Carde, 1995a, b), and in other species
ground speed increases following plume loss (Baker & Haynes, 1987; Kuenen & Carde, 1994).
In natural conditions, insects frequently lose contact with a plume. Changing wind direction
causes plumes meander with the result that trajectories of individual odor ‘packets’ within the plume
are not aligned with the plume’s long axis (David et al., 1982; Elkinton et al., 1987; Brady et al.,
1989; Murlis et al., 1992). As a result, insects heading upwind commonly exit the plume. In the wind
tunnel where the plume’s long axis and wind direction are aligned, moths flying upwind cast when
the plume is removed (Kennedy & Marsh, 1974; Marsh et al., 1978; Kennedy et al., 1981; Kuenen &
Baker, 1983; Baker & Haynes, 1987; Haynes & Baker, 1989; Kuenen & Carde, 1994). In casting,
upwind progress ceases, while the zigzagging track across the wind line progressively widens. In
nature, such a stationary ‘search’ across the recent predominant wind line should allow re¬
interception of the plume if the wind shifts back (David et al., 1982, 1983; Kennedy, 1983).
However, female B. intermedia, instead of casting following loss of the plume, either maintain their
upwind course or fly sideways in an irregular pattern, eventually heading downwind.
It is conceivable that wasps flying upwind were ‘guided’ visually to some extent by the odor
delivery device. However, it is likely wasps simply maintained their upwind course when the plume
was removed. Kuenen & Carde (1994) observed in wind tunnel trials that over 40% of male gypsy
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moths, L. dispar, continued to progress upwind when the plume was removed, albeit with wide
zigzagging tracks resembling casting. Thus, for some insects flying upwind following plume loss
could be an alternative to casting for recontacting a Tost’ plume. However, the success of either of
these strategies in natural habitats in facilitating re-interception of the plume is as yet unclear.
Wasps which did not fly straight upwind following plume loss, turned sideways and flew
downwind. Both Drosophila and tsetse flies also turned upon losing an attractive odor plume (Kellog
et al., 1962; Gibson & Brady, 1985, 1988). Whereas those flies apparently turned sharply, quickly

flying away, female B. intermedia alternated sideways drift, downwind drift and upwind flight,
resulting in convoluted tracks. Although this reaction is visibly different from casting, its function is
probably similar: to maintain wasps temporarily in the area where the plume was last encountered,
presumably to increase the probability of recontacting the plume if the wind shifts back.
Neither plume size (narrow vs. wide) nor plume structure (ribbon vs. turbulent) seemed to
affect flight maneuvers when wasps were flying along the plume. Although the ribbon plume was
narrower than the turbulent plume (0.8 vs. 4 cm), width of zigzagging tracks was similar along both
plumes (12 and 13 cm, on average), as were all other parameters. Therefore, zigzagging was not due
to turning at the edges of the plume. In moths, zigzagging flight paths are thought to be generated by
an internal countertuming program triggered by intermittent pheromone stimulation (see Kennedy,
1983; Baker, 1989). Frequency of odor filament encounter regulates transitions between upwind
flight and casting, thus shaping flight tracks (Baker, 1990; Mafra-Neto 1994, 1995b, 1996; Vickers &
Baker, 1994). Hence, flight tracks of almond moths, C. cautella, flying along a wide turbulent plume
were significantly straighter than tracks of moths flying along a narrow ribbon plume (Mafra-Neto &
Garde, 1994, 1995a), because of the intermittency of pheromone stimulation created by the turbulent
structure of the plume. However, flight tracks of female B. intermedia were similar with both types
of plumes.
Because wasps and moths belong to long-separated lineages, it would not be surprising to
find differences in their navigation systems. As well, plumes that female B. intermedia and male
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moths fly along differ in size and internal structure. Pheromone plumes typically are dispersed from
a source of small size (in moths, usually a female’s abdominal tip), whereas kairomone plumes often
are generated by the wind passing over relatively large sources such as hosts or plants (whole or
parts). Therefore, wasps may be less adapted than male moths to follow well-defined chemical
plumes, and the navigation system of male moths may be adapted to the specific temporal and spatial
features of pheromone plumes (Carde, 1996).
Our experiments demonstrated that female B. intermedia have the ability to use odors to
locate potential hosts; however, it is not clear to what extent they do so in nature. There is potentially
a strong selective pressure on pupae to minimize odor production, since the best survival strategy for
this sessile and exposed stage should be to remain inconspicuous to parasitoids and predators. This
may explain why few wasps flew to gypsy moth odor in our experiments (even though we used as the
odor source larger clusters of pupae than are typically found in the wild). However, given a
‘prominent’ scent (vanilla), they readily learned it and flew toward its source. In the field, foraging
females may have such opportunities to learn novel odors associated with the host, and produced by
its surroundings. In particular, learning may be involved in the location of alternate hosts. Female B.
intermedia are polyphagous in the laboratory and this species was occasionally recovered in New

England from lepidopteran pupae other than the gypsy moth (Prokopy, 1968; Leonard, 1975). It is
possible that B. intermedia have a generation on alternate hosts, which they may locate by learning
olfactory cues associated with them. Although there is no evidence of a second generation in the
United States, in Europe where this wasp originated B. intermedia is bivoltine (Dowden, 1935).
However, the relatively indiscriminate distribution of gypsy moth pupae in the field (e.g., on tree
trunks, rocks, and leaf litter) does not suggests B. intermedia would encounter reliable olfactory cues
to learn in association with its primary host. Furthermore, females can learn to forage for gypsy moth
in different micro-habitats (trees vs. leaf litter) based on visual cues. Females concentrate their
foraging flight to the micro-habitat where they had found pupae in previous foraging bouts (Drost &
Carde, 1992c). Although pupal odor has to be present for ‘searching’ to be evoked, evidently female
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B. intermedia do not rely solely on odors to locate their host. As a result there may be little selective

pressure for shaping a refined navigation system using odor plumes. On the contrary, there are strong
selective forces on sexual communication with pheromones (Carde & Baker, 1984), particularly for
rapid mate location, which should drive the system in moths toward the evolution of ‘advanced’
navigational abilities. The distinctive flight maneuvers of female B. intermedia and moths may well
reflect these divergent selective forces.
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CHAPTER 6
CONCLUSION

Although the information gathered in this study does not reveal how B. intermedia find
hosts in the field, it demonstrates that wasps may use olfactory cues while foraging for hosts, both
from close and longer distances. Host-associated odor elicited flight in quiescent females, and wasps
were able to navigate upwind along the odor plume and land at its source (Chapter 4 and 5). From
shorter distances, females walked toward a potential host in response to its odor (Chapter 2 and 3).
These responses did not seem to be innate, rather they were acquired through previous experience.
Learned odors were both host and non-host odors.
Olfactory learning is considered an adaptive strategy in parasitic wasps which parasitize
larval hosts of various species or on various host plants. Learning then brings flexibility in these
wasps’ behavior, allowing them to find inconspicuous hosts cueing on learned odors, reliable
indicators of host presence. However, the function of such behavioral plasticity is not evident with B.
intermedia. Wasps parasitize mostly gypsy moth pupae which do not seem to be associated

consistently with any particular olfactory environment. Yet, although laboratory experiments proved
unequivocally that wasps could learn, they did not prove wasps do learn routinely while foraging in
the field. Learning capabilities have been observed in numerous invertebrates and may be
idiosyncratic of nervous systems, whether it is expressed at the behavioral level or not. Furthermore,
B. intermedia was introduced in the United States and may have a somewhat different life history

than in Europe. As a result, wasps may exhibit some traits which were adaptive in their original
habitat and are obsolete in the United States. In that regard, it would be interesting to compare
learning performances of European and American strains of wasps.
Nonetheless, the learning ability of B. intermedia is very interesting because it provides a
useful model for studying the mechanisms underlying learning and odor-guided behaviors. These
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wasps are long-lived and easily handled, thus they may be subjected to rather complex experimental
procedures often necessary to investigate the mechanisms of behaviors. In addition, with these
medium-size wasps, behavioral observations may be combined readily with electrophysiological
procedures to obtain information on the physiological basis of the observed behaviors and bring us
closer to understanding behaviors of B. intermedia, and also of other organisms.
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